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Abstract 
 This work describes a systematic investigation to advance the scientific 
understanding of the electric oxygen-iodine laser (EOIL). The research reported on herein 
was largely conducted between the years of 2006 and 2011.  The work comes on the 
forefront of EOIL development, recently demonstrated in 2005 with positive gain and lasing 
through a long-term partnership between the University of Illinois and CU Aerospace in 
Champaign, IL. Though only first demonstrated in 2005, research towards constructing an 
EOIL has been carried out periodically since the early 1970s. With low yields of the energy 
reservoir, O2(a
1), achievable in an electric discharge, EOIL research has for many years 
taken a lower priority when compared to the research of high-yield chemical oxygen-iodine 
lasers (COIL), which reported successes as early as 1978. While both lasers emit on the same 
I(2P1/2)→I(
2P3/2) transition at 1315 nm, offering nearly equal promise of beam quality and 
performance, an elusive attractiveness remained with EOIL as a result of nearly four 
decades of unsuccessful attempts. The reduction in toxicity, complexity, and maintenance 
of an electrically driven device offers numerous operational and logistical advantages over 
the COIL. The years of failed attempts with EOIL can largely be explained by the lack of a 
sufficient body of theoretical and experimental research adequately documenting the 
technology.  This research can be generally classified as: (i) high yield discharge-driven 
singlet oxygen production, and (ii) the added post-discharge complexity of a diverse media 
of active oxygen species. The research described here-in was fundamental in increasing 
reported gain and laser power of EOIL devices from approximately 0.01 %/cm and 500 
Milliwatts in 2006 to 0.3 %/cm and 481 Watts by mid-2011. This represents a factor of 30 
increase in gain and two orders of magnitude increase in laser power. Such results were 
only achievable by systematically analyzing each component of EOIL, developing a 
theoretical understanding of the requirements for each element of the laser, and devising 
experimental hardware to validate the work. The technologies considered in this work 
include discharge-driven singlet oxygen generators (DSOG), species and thermal energy 
regulation (STER) devices, iodine pre-dissociation (IPD) devices, as well as various 
implementations of high-reflectivity resonators. Though now established by our group, a 
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more complete body of research is prerequisite to EOIL achieving its ultimate potential, 
matching or exceeding the capabilities of similar high energy lasers. This topic is a final 
chapter in a group of thesis topics conducted by AE and ECE academics that ultimately 
contributed to the success of electric oxygen-iodine laser research conducted at the 
University of Illinois.  
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1.0 Introduction 
EOILs are all-gas phase electronic energy transfer lasers wherein the singlet delta 
electronic state of molecular oxygen at 0.977 eV, O2(a
1 in a near-resonant energy 
transfer, pumps ground state atomic iodine, I(2P3/2), to the I(
2P1/2) electronic state at 0.943 
eV, 
 )279()()()()( 12/1
23
22/3
21
2
 cmEPIXOPIaO . (1.1) 
Given a sufficiently large population of O2(a
1 relative to ground state molecular oxygen, 
O2(X
3, a sufficiently low temperature, and a suitable optical resonator, a population 
inversion and light amplification by stimulated emission of radiation at 1.315 m can be 
achieved, 
 315.12/3
2
2/1
2
315.1 )1()()( hvnPIPInhv  . (1.2) 
The process employed by EOILs to produce O2(a
1 primarily involves a glow 
discharge in a high speed gas producing the oxygen state through electron impact in a 
helium diluent, 
   eaOXOe )()( 12
3
2 . (1.3) 
Atomic iodine, I(2P3/2), may be provided through complex mechanisms represented by: 
 )(2)( 32
1
22  XnOIanOI , (1.4) 
 
1 3
2 2 2( ) 2 ( )I O b I O X     , (1.5) 
 2 2 2I O O IO I O O I       , (1.6) 
 and   eIeI 22 , (1.7) 
where n is believed to be 3-6. 
 The method of O2(a
1generation using discharge excited gas mixtures [Eqn 1.3] has 
numerous consequences including additional active oxygen states such as )( 12 bO , atomic 
oxygen, and ozone.  The relative densities of the aforementioned states impact the 
production efficiency of O2(a
1the deactivation rates of O2(a
1 and I(2P1/2), as well as the 
dissociation processes of molecular iodine.  Though much can be done to manage the 
populations of these less desirable states, they continue to exist in sufficient densities 
beyond the discharge making their consideration necessary to optimize performance. 
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 Another consequence of producing O2(a
1) through electron impact is a 
considerable increase in the thermal energy of the gas mixture as it transverses the laser, 
first through collisional heating in the discharge and second through thermalizing energy 
during oxygen atom recombination and quenching of energized states.  The thermal energy 
affects the temperature dependent equilibrium between concentrations of O2(a
1 and 
I(2P1/2) [Eqn. 1.1], impacting both the threshold yield of O2(a
1  and  ultimately the 
electrical to optical power conversion efficiency of the EOIL device. 
 EOILs offer the same beam quality and attractive wavelength as the classical COIL 
chemically pumped devices, but with better operational and logistical characteristics.  
Discharge-driven generation of O2(a
1) provides a less complex and less maintenance 
demanding energy source for oxygen-iodine lasers than the basic hydrogen peroxide (BHP) 
and chlorine gas chemical process of COIL.  Not only is BHP logistically troublesome to 
transport and mix, but once mixed it has a limited shelf life impacting both system 
performance and fire time before refresh.  On the other hand, oxygen and helium can be 
transported easily and stored indefinitely.  For decades, COIL has been the laser of choice 
for high energy defense applications with its proven ability to reliably scale to megawatt 
class laser systems.  EOIL promises the same attributes which will allow it to similarly meet 
or exceed performance goals demonstrated by other high energy systems. 
 The acronyms EOIL and DOIL, discharge oxygen-iodine laser, shall generally refer to 
electric oxygen-iodine lasers as discussed throughout relevant literature.  The term 
ElectricOIL here refers specifically to the devices developed by the partnership between the 
University of Illinois and CU Aerospace.   
 ElectricOIL builds on the success of high-energy gas lasers and the chemical oxygen-
iodine laser (COIL), in particular.  This chapter provides some detail on the background and 
motivation for high-energy gas lasers. It progresses with background of both COIL and EOIL 
development, including a technical overview of the ElectricOIL device broken down by 
subsystem.  Finally, it concludes with a discussion of research objectives and a summary of 
topics addressed in the succeeding chapters.  
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1.1 High energy gas laser background and motivation 
Before Einstein published his seminal piece on the quantum theory of radiation[1.1] in 
1916, science fiction author H.G. Wells envisioned powerful weapons of light in his famous 
1898 novel The War of the Worlds.  Looking further back, Greek mathematician and 
philosopher Diocles describes in his book On Burning Mirrors the focusing of sunlight with 
parabolic mirrors, ca. 200 B.C.[1.2].  Thus, when Theodore Maiman, in 1960 at Hughes 
Research Laboratories, created the first successful beam of coherent visible light through 
the process of stimulated emission[1.3], it is not surprising that on the 8th of July 1960, the 
Los Angeles Herald carried the headline, “L.A. Man Discovers Science Fiction Death Ray.”  
While, the development of the laser would lead to many industry changing technological 
advancements in fields such as manufacturing, medicine, communication, and 
entertainment, national defense and maintaining technological superiority would be leading 
drivers for many years.  A mounting cold war and the realization that the “death ray” might 
soon become science fact gave considerable momentum to high energy laser research. 
To best understand the early drivers for high energy laser systems, it is important to 
review the political landscape of late 1950’s and early 1960’s.  The period overlaps with the 
height of the Cold War between the United States and the USSR.  The Soviet Union 
launched Sputnik just three years before Maiman’s accomplishment.  Sputnik completed 
1,440 orbits of the Earth making clear that the USSR had beaten the United States into 
space.  In 1961, the Berlin wall was erected, further separating the democratic West from 
the communist East. In 1962, satellite photos revealed Soviet nuclear missiles in Cuba, 
resulting in the historic Cuban Missile Crisis.  Between the accomplishments of Sputnik and 
growing tension between East and West, concern developed regarding U.S. technological 
superiority, especially with regard to national defense.  Within only months of Sputnik’s 
launch, the defense department established the Department of Advanced Research Projects 
(DARPA), originally named simply ARPA, to prevent future technological surprises and 
maintain the military’s technological edge over potential adversaries[1.4].  High-energy gas 
laser technology caught the interest of DARPA almost immediately. 
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 While Maiman’s success was a key moment in laser history, it built on the 
accomplishments of many others.  Two such groups included those of Townes and Gould.  
In 1954, with military research funding, Townes demonstrated the amplification of 
microwaves[1.5] at Columbia University, the first proven amplification of electromagnetic 
waves by stimulated emission as theorized by Einstein.  Townes, Basov, and Prokhorov 
would soon share a Nobel Prize in Physics for the accomplishment.  Townes coined the term 
maser, or microwave amplification by stimulated emission of radiation.  Later, in 1959, 
Gordon Gould generalized the term beyond just microwaves to laser or light amplification 
by stimulated emission of radiation[1.6].  Gould enrolled as a doctoral student at Columbia 
University in 1949 to study optical and microwave spectroscopy, and became exposed to 
the research conducted by Townes.  Gould realized that two mirrors forming a Fabry-Perot 
interferometer could form an optical resonator producing a coherent and diffraction-limited 
intense beam.  Gould left Columbia in 1958 to purse the idea.  That same year, Gould, 
working for Technical Research Group, sold DARPA on the idea[1.2]. 
 The 1960’s was a decade of significant and rapid advancement for laser technology.  
One year after Maiman’s pulsed ruby laser, a continuous-wave (c.w.) laser using a helium-
neon gas mixture was created by Javan[1.7].  Numerous groups were at work investigating a 
wide assortment of excited species with the potential for both pulse and c.w. lasing.  In 
1963, the carbon dioxide (CO2) gas discharge laser was born
[1.8,1.9], though only a 1 mW c.w. 
laser at the time.  It would become the first of a small group of lasers capable of becoming 
classified as truly high energy.  Evolving into a N2-CO2-He laser that proved to be both highly 
reliable and have excellent beam quality, CO2 lasers eventually scaled to produce tens of 
kilowatts.  The 10.6 m CO2 laser would find use in numerous applications such as cutting, 
welding and drilling.  However, with low efficiencies, on the order of a few percent, and 
large physical dimensions, on the order of hundreds of feet long in some cases, the device 
became difficult to further scale. 
 The CO2 gas dynamic laser (GDL) proposed by Basov
[1.10] was eventually the first c.w. 
laser to exceed 100 kilowatts.  Rather than produce the lasing state of CO2 electronically like 
previous CO2 lasers, the GDL produced the state thermally at temperatures above 1000 K 
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and rapidly cooled through supersonic expansion creating a frozen flow reservoir of energy 
feeding CO2 lasing in a resonator downstream
[1.11].  The earliest publishing of a successful 
demonstration was by Fein[1.12] in 1969.  By 1973, a pulsed GDL delivered 400 kW for 4 
milliseconds.  The Airborne Laser Laboratory (ALL) was the first major demonstration of a 
high power airborne beam weapon.  In 1983, installed aboard a modified NKC-135 aircraft, 
a 500 kW GDL destroyed five AIM-9 Sidewinder missiles at the Naval Weapons Center 
Range at China Lake, California[1.13].  However, eventually the focus shifted away from CO2 
lasers towards shorter wavelength systems, which permit a more tightly focused and 
intense beam on target.  Such lasers included carbon monoxide (CO), carbon monoxide 
overtone, hydrogen fluoride (HF) and deuterium fluoride (DF). 
 Like the CO2 laser, the development of the CO laser began in the mid-1960’s.  
Legay’s supposition[1.14] that lasing could occur on vibrational-rotational transitions of 
ground state CO in 1964 was followed shortly by Patel[1.15] with a functional low-pressure 
pulsed CO laser later that year.  As the laser operates on vibrational-vibrational (v-v) energy 
exchange, and can operate on more than a thousand vibrational-rotational lines belonging 
to both the fundamental band (v+1, v) and the first-overtone (v+2, v), lasing can occur 
between 4.7-8.2 m and 2.5-4.2 m, respectively.  A few advantages to the CO laser, over 
the CO2 laser, are better efficiency, improved diffraction limit, especially with the shorter 
wavelengths of the first-overtone CO laser, and coincidence with some transparency 
windows in the atmosphere.  Pulsed CO lasers using electron beam sustained discharges 
have achieved output powers greater than 100 kW[1.16]. 
 Like CO lasers, fundamental HF and DF devices can operate on many vibrational 
energy transitions resulting in a wide range of wavelengths between 2.6 to 3.0 m and 3.6 
to 4.0 m, respectively.  HF lasers operate by mixing fluorine atoms produced through 
combustion of a fluorine source such as Nitrogen Fluoride, NF3, with molecular hydrogen to 
create vibrationally excited HF.  DF lasers operate similarly.  The significant advantage of DF 
lasers is a substantially improved atmospheric transmission.  Spencer[1.17] demonstrated the 
first CW HF laser in 1969.  By the early 1980’s, HF/DF programs resulted in demonstrations 
of 100 kW and 1 MW class devices, including the Baseline Demonstration Laser (BDL), the 
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Navy ARPA Chemical Laser (NACL), and the Mid-IR Advanced Chemical Laser (MIRACL).  
Most recently, a transportable ground-based weapon, the Tactical High Energy Laser (THEL), 
was developed by TRW and achieved the first in-flight destruction of live artillery in June of 
2000 and three rockets in a single day in August of the same year[1.18].  Despite its success 
the program was terminated in 2006. 
 The most recently developed of the high energy gas lasers, the chemical oxygen-
iodine laser (COIL), was first demonstrated by McDermott[1.19] in 1978.  The electronic 
energy transfer laser benefits from a shorter wavelength of 1.315 m and coincidence with 
an atmospheric transmission window, resulting in a brighter beam on target compared to 
HF/DF.  Besides better beam quality, the COIL also has improved mass efficiency and a 
lower gain.  The mass efficiency means more power on target for the same system mass, 
while a lower gain permits easier device scaling resulting from reduced amplified 
spontaneous emission (ASE).  In 1996, the Air Force contracted for the development of a 
megawatt-class COIL aboard a Boeing 747-400F, the Airborne Laser (ABL), capable of 
destroying nuclear missiles during the powered boost phase.  In 2010, the ABL successfully 
engaged and destroyed in flight missiles.  A fleet of seven operational aircraft had been 
anticipated by 2008, but the technologically complex program was over budget and behind 
schedule.  In 2011, the program was scaled back and renamed the Airborne Laser Test Bed 
(ALTB).  In January 2012, military budget cuts resulting from an extended economic 
recession led to cancellation of the program in its entirety. 
Nevertheless, gas lasers have proven many outstanding features compared to their 
solid-state brethren that will lead to their continued development into the indeterminate 
future.  First, the nature of gas to adopt any shape provides limitless shape to the lasing 
cavity.  Second, gas lasers often scale in length, area, and volume without a considerable 
increase in cost.  Third, gas media can be mixed at different ratios and pressures in 
homogeneous mixtures offering great flexibility.  Fourth, high-velocity gas media can quickly 
cool and refresh active media, avoiding the thermal issues often associated with high-
energy solid-state lasers. Fifth, the low density of gas media demonstrates the ability to 
provide a stable and high quality beam.[1.20]  Finally, gas lasers have repeatedly 
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demonstrated the capability to provide these qualities while scaling to megawatt-class 
devices. 
 
1.2 Chemical oxygen-iodine laser background 
COIL generates O2(a
1 at an interface between aqueous basic hydrogen peroxide 
(BHP) and gaseous chlorine.  During the course of the research discussed herein (2006-
2011), the chemical oxygen-iodine laser has generally been the prime technology under 
development for providing high-energy airborne defense as witnessed with programs such 
as the Advanced Tactical Laser (ATL) and the Airborne Laser (ABL). 
Henceforth, singlet oxygen, O2(a
1, shall be referred to in the text as O2(a) for the 
sake of simplicity.  Similarly, the vibrationally excited iodine state I(2P1/2) shall be referred to 
as I*. 
The fundamental concept leading to the development of the COIL was the 
suggestion by Polanyi[1.21] in 1961 that excited molecules from chemical reactions could 
support an infrared laser.   In 1965, Kasper and Pimentel[1.22] demonstrated such a laser by 
initiating a reaction between H2 and Cl2 using a flash lamp to create vibrationally excited 
HCl.  The COIL laser is different, however, since it doesn’t lase directly from the electronic 
state O2(a, but through a near-resonant energy transfer with atomic iodine, which in turn 
provides the lasing species, I*, an electronic state of atomic iodine.   
The vibrational transfer laser was first shown to be feasible by Cool and 
Stephens[1.23].  They experimentally demonstrated vibrational energy transfer by pumping 
vibrationally excited CO2 with vibrationally excited DF molecules.  The first report of lasing 
on the I* electronically excited transition, as with COIL, was made by Kasper and 
Pimentel[1.24] in 1964.  The laser operated by photo dissociation of either CF3I or CH3I into 
CF3 or CH3, respectively, and I*. 
In 1972, Derwent and Thrush[1.25] recognized the nearly resonant energy transfer 
reaction between O2(a) and atomic iodine [Eqn. 1.1], leading the way to creation of the first 
COIL.  The first successful COIL was reported by McDermott[1.19] in 1978, using a singlet 
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oxygen generator based on work by Seliger[1.26], where chlorine gas is bubbled through basic 
hydrogen peroxide, 
 2 2 2 2 22 ( ) 2 2Cl MOH H O O a MCl H O     , (1.8) 
where MOH is a base such as KOH or NaOH. 
It took the 1980’s and much of the 1990’s to refine generation of the chemical O2(a) 
generator.  The advancement of computational methods and computer hardware helped 
lead to better understanding of COIL kinetics guiding further advancement. 
 The next major advancement of the COIL system took place in the mid-1980’s with 
the transition from a subsonic lasing cavity to a supersonic lasing cavity.  The change was 
motivated by three interlaced reasons as reviewed by Truesdell[1.27].  First, increasing the 
device efficiency depends in large part on lowering the flow temperature.  Second, the size 
of the subsonic COIL was prohibitive.  Thanks to the increased efficiency achieved by 
lowering the flow temperature, the 4 meter subsonic lasing cavity was replaced with a ¼ 
meter supersonic lasing section, achieving similar power output.  Third, strong density 
gradients in the subsonic lasing section have a negative impact on beam quality.  By 
accelerating and expanding the flow in a supersonic nozzle, the gain zone is stretched out, 
reducing the magnitude of the density gradients and thus improving the beam quality.   
 As reviewed in the previous section, the COIL laser has successfully scaled to mega-
watt class devices and been demonstrated in mobile applications such as ATL and ABL.  For 
a more thorough description and history of COIL, A History of COIL Development in the USA 
by Truesdell[1.27] and Atomic Iodine Lasers by Davis[1.28], are recommended. 
 
1.3 Discharge driven oxygen-iodine laser background 
The electric oxygen-iodine laser reduces the logistical issues associated with the 
chemical oxygen-iodine laser, while preserving its many outstanding qualities.  The singlet 
oxygen chemical generator, consuming basic hydrogen peroxide and chlorine gas, is 
substituted with either a self-sustained or non-self-sustained discharge.  Self-sustained 
discharges include direct current (dc), radio frequency (rf), and microwave, while non-self-
sustained include e-beam or a pulser-sustainer.  While many discharge types have been 
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applied to ElectricOIL over the last decade, the greatest success has come with capacitive rf 
glow discharges. 
Discharge production of O2(a) predates the chemical oxygen-iodine transfer laser.  A 
long history of interest in O2(a) stems from its applicability to biological, photochemical, and 
physical chemistry.  Though typically generated through reaction between hydrogen 
peroxide and chlorinating agents, early O2(a) chemical generators lacked both stability and 
reproducibility.  In order to produce calibrated detection techniques for singlet oxygen, 
stable discharge production techniques were required.  Though early singlet oxygen 
discharge generators produced only small quantities of O2(a), they were both temporally 
stable and repeatable. 
Flick[1.29] (1964), demonstrated electron paramagnetic resonance (EPR) as a method 
for determining absolute concentrations of O2(a).  Analyzing the output of a 500 W 
microwave discharge at 2450 MHz using 0.3-0.4 Torr of industrial grade oxygen, 10% O2(a) 
relative to the ground state was measured.  Over a decade later, with interest growing in 
O2(a) as a pumping species in energy transfer lasers, Benard
[1.30] (1978) used EPR and a 
small microwave source as a means to calibrate a liquid-nitrogen-cooled InAs detector for 
the singlet oxygen emission at 1.27 m.  Though he favored the reliability of EPR, he did not 
favor the time required to scan and post-process data.  Instead, Benard demonstrated that 
a 70 W microwave discharge at 2480 MHz using 0.45 Torr of oxygen in a flowing system (5.7 
scc/s), calibrated using EPR, could act as a calibration source for a photometric approach.  A 
yield of 11±0.5% was measured at the microwave cavity output.  With the microwave 
output calibrated, it was installed between a chemical generator and downstream 
diagnostic block.  The InAs detector located at the diagnostic block was then calibrated to 
the known yield of O2(a).  The photo-detector then provided a continuous measure of 
singlet oxygen output of the time variant chemical generator. 
The first documented attempt to integrate a discharge singlet oxygen generator and 
atomic iodine to form an electric oxygen-iodine transfer laser was made by Zalesskii[1.31] in 
1973.  Zalesskii attempted to produce positive gain in a 16 mm diameter by 50 cm long 
pulsed discharge containing 10 Torr oxygen gas and 0.3 Torr molecular iodine vapor.  The 
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volume was interrogated throughout the pulse using a CF3I photodissociation laser (1.315 
m).  While optical transparency may have been observed during the pulse, lasing was not 
achievable with the addition of high reflectivity mirrors.  Zalesskii correctly concluded that 
although the experiment failed to produce the desired result, lasing with a different set of 
gas-discharge plasma parameters may still be possible. 
In 1980, two years after McDermott’s[1.19] success, Bonnett[1.32] published 
computational results for an electron-beam controlled discharge in oxygen.  Bonnett 
suggested that the numerical model might demonstrate an economically viable production 
scheme for ozone and also be applied to determining appropriate conditions for a laser 
based on the oxygen-iodine near-resonant energy transfer.  That same year, Bonnett’s 
colleague, Fournier[1.33], published computational results attempting to accomplish the 
latter.  Fournier modeled an argon-oxygen mixture of 995:5 flowing through a discharge 
chamber at 1.18 bar and 300 K.  The electron beam current density was assumed to be 10 
mA/cm2 and the electric field to neutral gas density (E/N) to be 2 Td.  It is stated that a 
population inversion could hardly be reached.  It was suggested, however, that better 
results might be attained using supersonic expansion to cool the flow. 
In 1983, Torchin[1.34] published experimental results of an attempt to produce singlet 
oxygen using a dc discharge at flow rates and pressures believed sufficient to produce an 
oxygen-iodine laser.  Flowing up to 12 mmol/s of oxygen at 10 Torr and a loading of 600 W, 
the O2(a) concentration was determined to never exceed 1.1%.  From these tests, Torchin 
ruled “out the possibility of initiating an iodine laser with discharge oxygen.”  It would take 
over twenty years before his conclusion would be disproven. 
Solomon, Carroll and Verdeyen, motivated with a desire to reduce the chemical 
complexity of the COIL system, began investigating a discharge-driven system in 2000 now 
known as ElectriOIL.  In 2004, the team consisting of the University of Illinois and CU 
Aerospace demonstrated positive gain of 0.002% cm-1 using a longitudinal radio-frequency 
electric discharge[1.35] and a supersonic expansion modeled after successful COIL hardware.  
In 2005, they improved the gain to 0.0067% cm-1 and demonstrated the first discharge 
driven oxygen-iodine laser[1.36], measuring 220 mW at 1.315 m.  Lasing was achieved 
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flowing a mixture of oxygen, helium, and nitric oxide (NO) through the discharge with rates 
of 3 mmol/s, 16 mmol/s, and 0.15 mmol/s, respectively.  The discharge was driven at 12.6 
Torr with 450 W at 13.56 MHz.  The O2(a) yield at the discharge output was measured to be 
approximately 17% with a temperature of 410 K.  Downstream of the discharge 0.008 
mmol/s of molecular iodine was injected with 2 mmol/s of helium carrier.  Further 
downstream, 55 mmol/s of nitrogen at 120 K was injected to lower the total flow 
temperature and raise pressure to improve performance of the final stage, the supersonic 
optical cavity.  The line shape of the small signal gain profile indicated a resonator 
temperature of 180 K.  The greatest hindrance to the performance of EOIL at that time was 
a small body of literature on discharge production of singlet delta oxygen as well as the 
impact on performance resulting from the variety of additional discharge produced active 
oxygen species.  The work discussed in this document, as well as the concurrent Ph.D. work 
of Joseph W. Zimmerman and Brian S. Woodard, published in 2010 and 2011 (University of 
Illinois – Urbana), respectively, provided significant contributions to the literature on the 
subject of EOILs, resulting in significant developments between 2006 and present. 
Other groups quickly followed Carroll in achieving both positive gain and lasing with 
a discharge driven oxygen-iodine laser.  First Rawlins[1.37] reported positive gain using a 
microwave discharge in 2005, followed by Hicks[1.38] with a pulser-sustainer in 2006.  Both 
groups later succeeded in constructing resonators and demonstrating continuous-wave 
laser operation[1.39,1.40].  An incomplete list of other groups working on DOIL technology 
include the Air Force Research Laboratory[1.41], Moscow State University[1.42], and the 
Lebedev Physical Institute[1.43]. 
As of 2012, Benavides[1.44] has reported best ElectricOIL gain and laser power of 
0.30% cm-1 and 481 W, respectively. 
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1.4 Stages of the ElectricOIL device 
 The ElectricOIL device developed by the University of Illinois and CU Aerospace, and 
the test bed for the work described herein, can be described as a series of subsystems as 
illustrated in Figure 1.1, including, but not limited to, the discharge-driven singlet oxygen 
generator (DSOG), species and thermal energy regulation (STER) devices, the iodine pre-
dissociation (IPD) device, the supersonic optical cavity (SOC), and the pressure recovery 
system.  This section will provide a brief introduction to these subsystems prior to a more 
in-depth discussion in succeeding chapters. 
 
Figure 1.1: Schematic illustrating the ElectricOIL system. 
i. DSOG: Discharge Singlet Oxygen Generation (Self-sustained RF Discharge) 
 A gaseous mixture of oxygen, helium and nitric oxide is uniformly injected into the 
discharge volume at total pressures of 20 to 100 Torr[1.45].  A self-sustained 13.56 MHz 
radio-frequency[1.46] discharge produces an active oxygen flow through electron impact, 
 
  eaOXOe )()( 22 . (1.9) 
The discharge section may encompass one or more parallel units[1.45,1.47] formed from a 
dielectric such as fused quartz or aluminum oxide. Electrodes are arranged to form a 
transverse capacitively coupled plasma.  At the discharge exit, the dominant species include 
O2(a), O2(b), oxygen atoms, and ozone
[1.45]. The population of undesirable oxygen atoms and 
ozone are manipulated (titrated) lower through the addition of small amounts  of NO, which 
raises the population of O2(a) exiting the discharge and reduces deactivation of O2(a) and I* 
downstream[1.48].  The increase in discharge O2(a) population is explained in Chapter 2. 
13 
 
ii. STER I: Post-discharge species and thermal energy regulation 
 Discharge effluent passes through a species and thermal energy regulation device, a 
key development of this work, reducing the population of undesirable active oxygen species  
through catalytic wall reactions, while simultaneously extracting thermal energy.  The 
device has been optimized by geometry and material to more closely couple the DSOG and 
optical cavity, reducing the impact of volumetric loss mechanisms, yet still exacting 
sufficient thermal energy to maximize extractable power at 1315 nm. 
 Though O2(a) has an impressively long radiative lifetime in isolation, on the order of 
75 minutes[1.43], the O2(a) yield successfully reaching the optical cavity is subject to 
deactivation through volume interactions with such species as atomic oxygen, ozone, and 
itself by O2(a) pooling [Equations 1.10-1.12].   
 2 2( ) ( )O a O O X O    (1.10) 
 OXOOaO  )(2)( 232  (1.11) 
 )()()()( 2
1
222 XObOaOaO   (1.12) 
In addition to O2(a) deactivation, oxygen atoms rapidly deactivate
[1.49] the lasing species, I*, 
 OIOI * . (1.13) 
Proper species regulation was fundamental to the first demonstration of EOIL and plays an 
important role in further improving ElectricOIL performance. 
 In addition to the STER device, the addition of small quantities of NO nearly 
eliminates ozone from the post-discharge flow,  
 )(223 XONOONO  , (1.14) 
while providing control to simultaneously reduce oxygen atoms to a useful level by varying 
the NO flow rate[1.45] [Equations 1.15-1.16]. 
 *2NOONO   (1.15) 
 )(2
*
2 XONOONO   (1.16) 
Tight control of the oxygen atom flow rate can also be useful to assist in the necessary 
process of molecular iodine dissociation [Equations 1.17(a) and (b)]. 
 IIOOI 2  (1.17a) 
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 IOOIO  2  (1.17b) 
Recombination of oxygen atoms, however, thermalizes the excess energy, raising the bulk 
flow temperature (a negative for performance). 
 Depending on discharge power, flow rates, and geometry, bulk flow temperatures at 
the discharge exit may be between 300 and 650 K[1.50].  The thermal energy stored in the 
discharge effluent is of special interest as the minimum yield of O2(a) required to achieve 
gain and lasing is a strong function of flow temperature in the resonator volume[1.51], 
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At 600, 300 and 150 K, the threshold yield of O2(a) is 25, 15 and 4 percent, respectively, 
while typical O2(a) yields from an ElectricOIL discharge are between 10 and 25%. 
 Careful design and implementation of tubular cross-flow heat exchangers have 
significantly reduced bulk flow temperatures, improving lasing efficiency[1.44].  Geometry[1.52] 
and material studies have resulted in designs that effectively reduce flow temperature by 
over 200 K, while resulting in minimal O2(a) deactivation through wall loss
[1.44] and flow 
recirculation.  Material studies have also resulted in material selections that assist in oxygen 
atom recombination, reducing the required concentrations of NO and shortening the 
physical length of the ElectricOIL device.  Recombining oxygen atoms using wall 
recombination in the STER devices also provides an ideal method to simultaneously extract 
the thermalized energy.  Finally, STER studies have given considerable attention to 
minimizing total pressure loss across the devices given that a pressure increase in the 
discharge generally hurts O2(a) production efficiency, while a pressure drop in the 
supersonic resonator generally hurts laser power extraction efficiency. 
 
iii. IPD: Iodine injection and pre-dissociation 
After the first phase of species and thermal energy regulation of the primary flow, a 
secondary flow of molecular iodine carried by helium is injected.  However, before the 
iodine can be pumped to the I* state, it must first be dissociated into atomic iodine.  In a 
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typical COIL device, O2(a) provides the energy required to dissociate molecular iodine 
[Equation 1.19].  In the ElectricOIL device, the energy may come from more than one 
source.  These sources primarily included atomic oxygen, O2(a), and O2(b) [Equations 1.17, 
1.19, and 1.20], as well as electron impact through the use of a pre-dissociation device 
[Equation 1.21]. 
 )(2)( 222 XnOIanOI   (1.19) 
 IXObOI 2)()( 222   (1.20) 
 
  eIeI 22  (1.21) 
It has been reported that three to six O2(a) molecules, n in Equation 1.19, are involved in 
the dissociation of a single iodine molecule.[1.53]  O2(a) is also the same state that pumps the 
iodine atom creating the lasing state, I* [Equation 1.1].  Thus, dissociating iodine through 
alternate techniques frees significant O2(a) from a necessary function, increasing the total 
extractable power.  This is particularly important for EOILs since the yields of O2(a) are 
lower than for COILs. 
 Atomic oxygen is particularly effective at dissociating iodine through a two-step 
process resulting in molecular oxygen and two iodine atoms [Equation 1.17].  Harnessing 
the atomic oxygen for this function, preserves much of the O2(a) that would be available to 
deliver energy to the lasing process.  A careful balance must be struck, though, since oxygen 
atoms rapidly deactivate the lasing state I* [Equation 1.13].  Too few oxygen atoms will 
result in insufficient dissociation, while too many will result in an unnecessary deactivation 
of I*.  Preferentially, an alternate means not involving O2(a) or atomic oxygen would be 
employed to dissociate iodine such that atomic oxygen could be completely removed from 
the system. 
 One such method is dissociation through the use of a secondary electric discharge 
[Equation 1.21].  However, design and integration of such a device has historically proven 
difficult.  While electron impact is an effective means to dissociate iodine, a secondary 
effect is gas heating, which lowers system performance.  Such a performance drop can 
negate the advantages of pre-dissociation if not done carefully.  The dissociation device 
must also preserve the capability to effectively mix the atomic iodine with the primary flow 
16 
 
carrying the singlet oxygen.  The primary flow transverses the EOIL device at high velocity 
with a short residence time between iodine injection and the optical cavity, so mixing must 
be accomplished quickly and uniformly.  This generally means narrow injection streams to 
improve penetration, though small injectors are more likely to result in iodine 
recombination by raising injector plenum pressure (further discussed in Chapter 6).  
Nevertheless, implementation of a pre-dissociation device in ElectricOIL has shown upwards 
of 50% improvement in small signal gain and 38% improvement in laser power, given a 30 
Torr system pressure[1.54].  This is believed to be the first demonstration of effectively 
increasing lasing performance of an otherwise optimized oxygen-iodine laser though use of 
a discharge-driven pre-dissociation device. 
 
iv. STER II: Post-iodine injection thermal regulation and enhanced bulk flow properties  
 Another design feature of ElectricOIL, not common to the typical COIL or EOIL 
device, is cold nitrogen gas injection downstream of the iodine injection location, just prior 
to the supersonic optical cavity.  The nitrogen is cooled to approximately 90 K, slightly 
higher than its liquefaction point at atmospheric pressure.  The injection of cold gas at this 
location provides numerous benefits, resulting in improved overall system performance. 
 First, and most obvious, the injection of cold nitrogen results in a significant 
temperature reduction through mixed gas cooling.  As previously discussed, the threshold 
yield of singlet oxygen required for lasing is strongly temperature dependent [Equation 
1.18].  While upstream flow regulation reduces the discharge temperature from 
approximately 600 K to 350 K, mixed flow cooling further reduces the temperature to about 
250 K.  The final cooling mechanism, discussed next, supersonic gas expansion, further 
drops the temperature by approximately a factor of 2, yielding an optical cavity 
temperature of approximately 125 K.  At 600 K, the gain threshold O2(a) yield is ~25%, but 
the threshold yield at 125 K is only ~2.5%, an order of magnitude improvement.  Nitrogen is 
particularly well suited as it has both a low freezing point (~60 K at 50 Torr) and a favorable 
specific heat of 29 kJ/kmol-K. 
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 Another benefit of nitrogen injection is improved nozzle performance.  A key 
parameter in estimating nozzle performance is Reynolds number, Re, where a higher 
Reynolds number generally predicts better performance, 
  

vh
Re  , (1.22) 
where , v, , and h are the flow density, velocity, dynamic viscosity, and throat height, 
respectively.  In the absence of the cold nitrogen, the flow consists of approximately 25% 
oxygen and 75% helium gas by molar ratio.  At Mach 2 in the supersonic resonator, the 
mixture has a relatively low flow density on the order of 1.7x10-3 kg/m3, and very high flow 
velocity of approximately 1 km/s. 
 Adding a quantity of nitrogen consistent with good ElectricOIL performance, the 
molar ratio of the mixture becomes approximately 8% oxygen, 37% helium, and 55% 
nitrogen.  Given the much lower speed of sound in nitrogen, the optical cavity flow velocity 
drops by approximately a factor of 2.  Though a reduction in flow velocity reduces Reynolds 
number, the density becomes on the order of 1.5x10-2 kg/m3, an increase of approximately 
a factor of 10.  Thus, the Reynolds number improves by about a factor of 5 with the addition 
of nitrogen.  The dynamic viscosity in the denominator remains relatively unchanged and 
the characteristic length is tied to the physical nozzle throat height, also unchanged.  A 
typical Reynolds number for the ElectricOIL device with nitrogen is around 350,000. 
 The addition of the nitrogen gas also increases the total mass flow rate by 
approximately a factor of 5.  Once again, although the velocity decreases by a factor of 2, 
the total momentum of the gas has increased substantially.  The additional momentum 
reduces the size of the viscous boundary layer and delays separation of the flow from the 
nozzle wall. 
 While the decrease in the flow velocity may seem an inconvenience as it hinders 
both the Reynolds number and the flow momentum, a reduced velocity provides an 
important benefit to ElectricOIL operation.  By halving the velocity, the residence time of 
atomic iodine passing through the optical cavity is doubled, and thus may be more 
repeatedly pumped by the O2(a) reservoir to the lasing state, I*.  Furthermore, for a fixed 
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flow rate of O2(a) and cavity geometry, the concentration of singlet oxygen is approximately 
doubled in the resonator.  A greater concentration of O2(a) provides for a greater 
concentration of I*, which ultimately results in improved gain and laser power.  The 
problem is actually a bit more complex, though, since the temperature reduction provided 
by the cold nitrogen also affects the density of O2(a) above threshold.  Nevertheless, the 
point is still valid, though the actual degree of optical cavity performance improvement 
requires consideration of all flow specific conditions. 
 Another distinct improvement resulting from nitrogen addition is better mixing of 
the iodine vapor.  The iodine added just upstream of the cold nitrogen is injected as small 
jets.  The turbulence created by the significant mass flow of cold nitrogen effectively mixes 
the iodine with the oxygen-helium flow just before the supersonic optical cavity throat.  
There is a possible negative tradeoff, though.  Since the nitrogen significantly reduces the 
flow velocity, the transport time from the iodine injector to the resonator is increased, 
permitting additional time for deactivation of I*.  The amount of cold gas added to the flow 
must be carefully tuned to provide all the benefits described earlier, but only provide as 
much time between the iodine injector and resonator as required to allow the active 
oxygen species to effectively dissociate the molecular iodine. 
 One last benefit to mixing nitrogen with the discharge output is improved pressure 
recovery performance.  This benefit will only be mentioned here as it is not critical to the 
overall topic of this work.  However, it was an important factor in planning and executing 
the experimentation described. 
 The ElectricOIL laser utilizes a chain of Roots blowers and Kenny piston pumps to 
achieve the low pressures required to drive the supersonic optical cavity and raise the gas 
pressure to atmospheric conditions where it can exit the system.  The molar flow rate of gas 
pumped is proportional to the blower input pressure, displacement, and volumetric 
efficiency.  The volumetric efficiency is the reduction in volumetric transport due to 
necessary clearances between rotating drums.  The pressure rise across any independent 
pump is dependent on the staging ratio, SR, the ratio of the displacement of the pump to 
the displacement of the next pump in the chain.  In short, the volume of gas transported 
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and the pressure rise are not strongly dependent on the type of gas pumped, but the 
physical size and speed of the pumps.  However, compression of a fluid does result in gas 
heating and the temperature rise of the fluid is directly dependent on the specific gas 
through the ratio of specific heats, , 
 
 1
 SR
T
T
in
Out . (1.23) 
A pure nitrogen flow and pure helium flow have  equal to 1.4 and 1.67, respectively.  
Should the nitrogen be removed from a typical ElectricOIL oxygen-helium-nitrogen flow, the 
 of the mixed flow raises by about 8%.  For a total staging ratio of 6, this would result in a 
temperature rise of approximately 10% assuming adiabatic conditions.  Thus, to achieve 
comparable pumping performance with a higher  fluid, cooling is necessary between each 
pumping stage, adding complexity and expense.  Without the additional cooling, the higher 
inter-stage temperatures raise the inter-stage pressure, reducing the pumping capacity of 
the overall system. 
 Note that increasing the molar flow rate with the addition of nitrogen does raise the 
total pressure of the system.  A theoretical ElectricOIL optical cavity pressure without 
nitrogen would be about 2 Torr, compared to the actual 5 Torr with nitrogen.  The 
performance of the supersonic nozzle, however, is dependent not on the input or output 
pressures, but the pressure ratio across the nozzle.  So while the system pressures do 
increase, the improved pumping performance results in an overall greater pressure ratio 
across the nozzle and consequently improved gas expansion.  The effect is amplified by the 
fact that the pressure ratio across the nozzle required to achieve a Mach 2 flow as typical in 
ElectricOIL is reduced by lowering .  Assuming isentropic conditions and a Mach 2 flow, 
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with a  of 1.47 with nitrogen versus 1.59 without, a pressure ratio of 7.8 rather than 8.3 is 
required for proper expansion under ideal circumstances. 
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v. SOC: Supersonic optical cavity 
 The ElectricOIL optical cavity and resonator designs are based on historically 
successful COIL designs.  The resonator is built around a supersonic nozzle with a geometric 
Mach number of 2.4.  Effects such as pressure loss, oblique shocks, and boundary layer 
growth result in an actual Mach number of about 2.0.  Using the adiabatic flow relation, 
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, (1.25) 
the nozzle provides a final temperature drop of approximately a factor of 2.  As discussed 
earlier, this provides a significant performance benefit by reducing the threshold yield of 
O2(a) [Equation 1.18].  Compared with a subsonic lasing device, the increase in flow velocity 
and decrease in density provide the additional benefit of stretching the gain zone and 
reducing density gradients, resulting in better media quality necessary for improved beams. 
 The ElectricOIL resonator utilizes stable resonator configurations.  Hardware 
developed during this work permit optical resonators with straight, V, Z, and X layouts[1.55].  
A wide selection of high reflectivity mirrors allows optimization of extracted laser power 
according to Rigrod’s theory[1.56].  Various custom attachments developed during this work 
also permit challenging measurements such as gain profiles along and perpendicular to the 
flow direction[1.57], as well as gain measurements downstream of an active resonator. 
 Unique gain measurements downstream of an active oxygen-iodine resonator have 
proven especially insightful, discovering a yet unexplained though important kinetic 
difference between EOIL and COIL impacting gain recovery[1.58].  Once better understood, 
improved gain recovery could provide EOIL with a significant boost in electrical-to-optical 
power conversion efficiency, better positioning EOIL versus other high energy lasers. 
 
vi. Pressure Recovery 
 The supersonic optical cavity exhausts into a custom parallel plate supersonic 
diffuser which raises the static pressure, while attempting to conserve total pressure.  Once 
the flow has been slowed near to sonic conditions, it transitions into a subsonic diffuser, 
which does the same until the static pressure approaches the total pressure condition.  In 
other words, the diffuser attempts to recover the kinetic energy of the flow as the potential 
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energy of a higher pressure fluid, reducing vacuum pumping requirements.  The output of 
the subsonic diffuser is piped to a chain of Roots blowers and Kenny piston pumps, 
scrubbed and then exhausted to the atmosphere.  While the supersonic diffuser will not be 
discussed beyond here, it was another necessary custom development in this work to 
permit experimentation within the limits of available vacuum pump machinery. 
 
1.5 Research objectives 
The research objectives that led to the key findings of this work are as follows: 
 Review OIL theory and identify key differences between EOIL and COIL. 
While both EOIL and COIL operate on a near resonant energy transfer between O2(a) 
and atomic iodine, they each have inherently different characteristics leading to unique 
benefits and limitations.  While there is room for advancement of EOIL by imitating 
successes of COIL, identifying not only those characteristics that unify, but also those 
that differentiate, will lead to unique opportunities for investigation and improved 
performance. 
 Identify and demonstrate methods for population control of critical species. 
Discharge production of O2(a) results in many meta-stable species capable of surviving 
in significant quantities over the time scale of transport through an EOIL device.  
Investigations will be conducted to develop techniques for managing the relative 
concentrations of species in post-discharge active oxygen mixtures. 
 Identify and demonstrate methods for management of thermal energy. 
Discharge production of O2(a) results in the deposition of considerable thermal energy 
from elastic collisions, quenching and recombination.  As power extraction by the 
resonator is strongly temperature dependent, methods for managing thermal energy 
shall be investigated with the goal of minimally impacting O2(a) flow rate. 
 Investigate and demonstrate iodine pre-dissociation. 
Classical oxygen-iodine lasers dissociate molecular iodine through a process involving 
O2(a).  By doing so, available extractable energy at 1315 nm suffers.  Iodine pre-
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dissociation by a secondary discharge will be investigated and demonstrated to reduce 
the dissociation role of O2(a). 
 Conduct gain and laser power experiments to address power extraction issues. 
Measurement of O2(a) yield from typical ElectricOIL discharge-driven singlet oxygen 
generators indicate significantly more extractable energy stored in O2(a) than 
demonstrated in lasing experiments.  Measurement of gain profiles for typical 
ElectricOIL O2/He/N2 mixtures shall be investigated, as well as an assortment of optical 
resonator configurations to expose issues impacting power extraction. 
 Conduct gain and laser power experiments to demonstrate findings. 
The 7th Generation ElectricOIL Cavity (CAV7) shall be designed based on the findings of 
this work, and demonstrate how those finding assist in the improved operation of EOIL. 
 
1.6 Thesis overview 
The remainder of this dissertation is organized as follows: 
 Chapter 2 – EOIL theory 
Reviews relevant EOIL theory.  Also highlights notable similarities and differences 
between EOIL and COIL. 
 Chapter 3 – Diagnostics and analysis 
Discusses the diagnostics and data mining techniques utilized in these investigations. 
 Chapter 4 – Transverse-capacitive discharge-driven singlet oxygen generator 
Characterizes the ElectricOIL transverse radio-frequency singlet oxygen generator. 
 Chapter 5 – Species and thermal energy regulation 
Discusses potential benefits of regulating species populations and thermal energy 
throughout the EOIL system.  Discusses techniques developed, including theoretical and 
experimental results. 
 Chapter 6 – Electric discharge pre-dissociation of molecular iodine 
Iodine kinetics are discussed. Modeling and experimental results are presented. 
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 Chapter 7 – Supersonic optical cavity characterization 
The ElectricOIL optical cavity is experimentally characterized to expose issues limiting 
power extraction efficiency. 
 Chapter 8 – Research and measurements on the 7th Generation ElectricOIL  
Demonstrates advances in EOIL theory made during this work through development and 
testing of the latest generation of ElectricOIL device. 
 Chapter 9 – Concluding remarks 
Summarize the work accomplished, particularly original work making key contributions 
to scholarly literature. 
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2.0 EOIL theory 
The following chapter discusses theory of electric oxygen-iodine lasers.  While 
Chapter 1 provided historical background to understand the motivations for this work, the 
intent of this chapter is to provide the reader with a theoretical background to understand 
the scientific contributions of this work.  EOIL theory is addressed in a stepwise progression, 
beginning with the discharge-driven singlet oxygen generator and ending with lasing in the 
supersonic optical cavity. 
 
2.1. Discharge-driven singlet oxygen generator 
On the most fundamental level, the difference between COILs and EOILs is the 
substitution of a classical chemical singlet oxygen generator (CSOG) with a discharge-driven 
singlet oxygen generator (DSOG).  A CSOG generates O2(a) at the interface of aqueous basic 
hydrogen peroxide and chlorine gas, while a DSOG generates O2(a) by developing an 
electrically driven plasma of gaseous oxygen, helium, and nitric oxide.  Ideally, the 
substitution would be a simple replacement of one piece of equipment for another, keeping 
all other components of the lasing device intact.  However, while both singlet oxygen 
generators produce significant quantities of O2(a), they each have many characteristic 
differences including yield, impurities, and temperature.  These characteristic differences 
drive significantly different treatment of the post-SOG effluents to achieve efficient power 
extraction.  Thus, while EOILs and COILs both lase on the 2 21/2 3/2( ) ( )I P I P  transition at 
1315 nm, they are in many ways fundamentally different.  Recent progress of EOIL 
development has come through discovering, understanding, and working within a new 
framework to exploit these differences. Investigations to develop this framework represents 
a major scientific contribution of this work. 
 
2.1.1.   Lowest electronic states of oxygen 
 
3 1 1
2 2 2( ), (a ), and ( )g g gO X O O b
    , otherwise known as ground, singlet delta, and 
singlet sigma, respectively, are the three lowest-lying electronic states of molecular oxygen.  
They each arise from the same electron configuration, but differ in spin and occupancy of 
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oxygen’s two degenerate 
g -orbitals.  O2(a) and O2(b) lie at 0.977 and 1.627 eV (94 and 157 
kJ-mol-1), respectively above the ground state.  O2(a) has a strictly forbidden transition to 
ground by spin, symmetry, and parity selection rules, resulting in a small statistical 
probability of decay and thus an abnormally long lifetime.  In isolation, O2(a) has a lifetime 
of approximately 75 minutes[2.1].  On the other hand, O2(b), in isolation, has a relatively 
short lifetime of approximately 10 seconds[2.2].  Given that O2(b) quickly relaxes to O2(a),  
 2 2(b) (a)M O M O   , (2.1) 
O2(a) is often simply referred to as singlet oxygen.  In the presence of other molecules, the 
lifetime of O2(a) reduces to milliseconds or even nanoseconds, depending on the quencher, 
M.  Though it has a weak spontaneous emission given its long lifetime, O2(a) is observable 
near 1269 nm with sufficiently sensitive equipment such as the liquid nitrogen cooled 
InGaAs array used in this work.  O2(b) emission can be more readily observed at around 762 
nm without especially sensitive equipment.  Example spectra for O2(a) and O2(b) 
spontaneous emission near 1269 and 762 nm, respectively, are given in Figures 2.1.  The 
equipment used to capture these spectra and how the spectra are analyzed is further 
discussed in Chapter 3.  A potential energy diagram[2.3] for oxygen is provided as Figure 2.2.   
 
 
Figure 2.1: Example spectra of O2(a) and O2(b) measured in ElectricOIL.  The integral of the 
spectra may be calibrated to provide absolute concentrations of each species.  Comparing 
to numerical modeling results for the relative strengths of rotational lines, each spectra can 
also provide an estimation of temperature.  See Chapter 3 for more on these techniques. 
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 The considerable lifetime of singlet oxygen and its energy of 0.977 eV above ground 
make it an ideal reservoir for energy feeding the I(2P1/2) electronically excited state of 
atomic iodine at 0.943 eV through a near resonant energy transfer.  Ionin[2.1] provides an 
excellent topical review of discharge production of O2(a).  Li
[2.4] provides a similarly excellent 
review on chemical O2(a) generation. 
 
Figure 2.2: Potential energy curves for O2
-, O2, and O2
+ (Source Ref. [2.3]).  O2(X), O2(a), and 
O2(b) represent the three lowest electronic states of molecular oxygen.  The threshold 
energies for O2(a) and O2(b) are 0.977 and 1.627 eV, respectively.  The threshold energy for 
dissociation is 5.15 eV. 
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2.1.2. O2(a) production 
Classic chemical oxygen-iodine lasers generate O2(a) in a multistep process by first 
forming a solution of basic hydrogen peroxide (BHP), 
 2 2 2 2H O MOH MHO H O   ,  (2.2) 
where MOH is a base such as KOH or NaOH.  Next,  the BHP is reacted with chlorine gas in 
one of many devised generator types including gas-sparger (bubbler or porous pipe), 
wetted-wall (falling film, roller drum, or rotating disk pack), jet, or atomizer,[2.4] 
 1
2 2 2 2 22 2 ( )MHO Cl MCl H O O a     .  (2.3) 
The net energy released is 355 kJ-mol-1, of which 94 kJ-mol-1 is stored in O2(a).  One hundred 
percent of oxygen produced in the reaction is in the form of singlet oxygen.  However, 
numerous loss mechanisms such as O2(a) pooling, 
 
17 32.7 10 /1 1 1 3
2 2 2 2( ) ( ) ( ) ( )
k cm sO a O a O b O X
        , (2.4) 
which results in a visible emission at 634 nm, and quenching by H2O, 
 
18 34 10 /1 3
2 2 2 2( ) ( )
k cm sO a H O O X H O
      , (2.5) 
quickly reduce the yield.  Water vapor carried over from the CSOG to the resonator is an 
especially significant problem.  This represents another distinguishing characteristic 
between EOILs and COILs as water is not a species found in DSOG effluent.  In addition to 
water gradually depleting O2(a) population with a rate of 4×10
-18 cm3/s, water ravages O2(b) 
and I(2P1/2) states with rates of 6.71×10
-12 and 2.11×10-12, respectively, 
 
12 36.71 10 /1 1
2 2 2 2( ) ( )
k cm sO b H O O a H O
      , (2.6) 
 
12 32.11 10 /2 2
1/2 2 3/2 2I( ) I( )
k cm sP H O P H O
    . (2.7) 
O2(a) yields of 50 to 70 percent reaching the resonator are typical.  Four decades of 
research on this classic design has led to significant success and a wide body of knowledge 
including many creative implementations. 
Electric oxygen-iodine lasers generate O2(a) using one of many types of electrically 
driven discharges.  In the case of ElectricOIL, best results to date have been achieved using a 
13.56 MHz rf dielectric barrier glow discharge as depicted in Figure 2.3 and discussed in 
greater detail in Chapter 4.  The dielectric barrier, usually quartz or alumina, results in a 
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purely capacitive coupling to the plasma, naturally ballasting the discharge current.  Such an 
approach generally provides good current uniformity reducing production of higher energy 
states. 
  
 Figure 2.3: Schematic of ElectricOIL dielectric barrier radio-frequency SOG. 
Though the most desirable state generated in an EOIL DSOG is O2(a), electrons 
within the plasma take on a distribution of energies, unavoidably pumping many 
undesirable states.  The greater variety of states in a DSOG, including most importantly 
oxygen atoms, is another noteworthy difference in comparison to a CSOG.  Other significant 
oxygen states produced in a DSOG may include O2(b), O3, ions, and vibrationally excited 
molecules.  Pumping of DSOG states is primarily by electron impact, 
 *e M M e    ,  (2.8) 
where *M  denotes an excited state with an energy th  above the ground state M .  Yet, 
not all states result directly from electron impact.  For example, 
 2 2 22 ( ) ( ) ( )O a O X O b    (2.9) 
 and   2He e He e      (2.10a) 
 
2( )He O X He O O
     . (2.10b) 
There are over 500 reactions considered in the ElectricOIL kinetics package.  See reference 
[2.5] for a list of reactions and associated rates. 
 The pumping rate of reactions by electron impact, ijk , are modeled by 
 ( ) ( ) ( )
th
ij ijk v F d

    

   (2.11) 
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where ( )ij  is an experimentally determined probability function with a threshold, th , at 
the energy of the excited state, *M , ( )v  is the electron velocity as a function of electron 
energy, and ( )F  is the normalized electron energy distribution function, 
  
0
( ) 1F d 

 . (2.12) 
 The BLAZE model[2.6] developed in conjunction with ElectricOIL uses a method from 
Rockwood[2.7] to solve the classical two-term spherical harmonic expansion of the 
Boltzmann equation for the electron energy distribution function (EEDF).  A compilation of 
electron impact cross-section data for oxygen, used in the BLAZE ElectricOIL model, is 
available from the Joint Institute for Laboratory Astrophysics (JILA)[2.8].  Note, however, that 
JILA, nor NIST, has necessarily independently validated the data, simply provided a 
compilation.  Nevertheless, the cross-sections are commonly accepted and results are 
typically in good agreement with ElectricOIL experimental data.  Details on the 
computational model can be found in literature by Palla[2.5],[2.6].  Results from the BLAZE 
model will be compared with experimental results in succeeding chapters. 
2.1.3. O2(a) saturation 
 Singlet oxygen generation in a DSOG can be analytically shown to be primarily 
limited by super-elastic collisions, 
 1 32 2( ) ( )e O a O X e
      . (2.13) 
As oxygen transverses the DSOG and a population of O2(a) builds, a rollover in yield is 
observed as an equilibrium between inelastic and super-elastic collisions is approached.  
The super-elastic cross-section, super , can be determined from the inelastic cross-section, 
in , by 
  super ( )
th X
in th
a
g
g
 
    


   (2.14) 
where the statistical weight, or degeneracy, of ground state and singlet oxygen are 3Xg   
and 2ag  , respectively, and 0.977eVth  .  Notice that while the inelastic cross-section 
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has a threshold electron energy, th , the super-elastic cross-section includes all electron 
energies.  Furthermore, as the electron energy increases, the ratio of the inelastic and 
super-elastic cross-sections approaches the ratio of the statistical weights, 
 
super
2
3
in a
X
g
g


  . (2.15) 
 Assuming no other reactions participate in the discharge production of O2(a) other 
than the inelastic and super-elastic reactions, and assuming a sufficiently high energy is 
approached for O2(a) and O2(X) to near an equilibrium where super/ 2 / 3in   , the O2(a) 
yield will tend toward 
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In other words, super-elastic collisions limit O2(a) production by electron impact to no 
greater than 40%.  When processes such as dissociation and quenching are accounted, the 
limit is further reduced.  Reported yields from 10 percent to not much greater than 30 
percent are typical[2.1], consistent with the forty percent limit. 
 The electron impact inelastic and super-elastic cross-sections for O2(a) are compared 
in Figure 2.4.  Notice that the ratio of the inelastic and super-elastic cross-sections strongly 
favors the super-elastic reaction at low electron energies, though quickly approaches 
approximately 2/3 by 10 eV.  However, by 15 eV, dissociation becomes an important 
reaction with an order of magnitude greater electron impact cross-section than O2(a) 
production. 
 To better understand these results and others, in the next section a simplified 
kinetic model is considered using a Maxwellian (equilibrium) electron energy distribution. 
2.1.4. Simplified kinetic model (SKM) 
In order to adequately model an EOIL plasma, the EEDF must be determined as 
many of the most consequential reactions taking place in the discharge are through 
electron impact.  The preferred method, as done in BLAZE, is to solve the Boltzmann 
equation dependent on the state of the background gas.  However, as an approximation, if 
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electrons are assumed to be in thermal equilibrium and to not interact with the background 
gas, a simplified solution (Maxwellian distribution) can be determined.  The Maxwellian 
model is developed and used in this work to discover trends and provide general direction, 
while the full BLAZE model is used to corroborate experimental data and investigate highly 
complex EOIL behaviors.  Results generated using the simplified kinetic model are identified 
with SKM in the figure caption.  Results generated using the BLAZE model are similarly 
identified with BLAZE in the figure caption. 
 
 
Figure 2.4: Electron impact cross-sections 
for O2(a), O2(b), and O.  The ratio of the 
elastic to super-elastic cross-section of 
O2(a) production by electron impact 
approaches 2/3 with increasing electron 
energy, limiting the O2(a) yield by 
discharge pumping to 40%. 
Source: [2.8] 
The normalized Maxwellian distribution as a function of energy is given by [2.9] 
  
1/2
1 4
exp
k k k
F
 

  
    
     
    
, (2.17) 
where k ekT   is a characteristic energy of the electron gas,   is the electron energy in 
electron-volts, k  is the Boltsmann constant, and eT  is the electron temperature.  The 
electron velocity as a function of energy can be determined from the kinetic energy 
21/ 2E mv  or 
 
193.2044 10
e
v
m

 , (2.18) 
where 319.109 10em
   is the electron mass in kilograms, and v  the electron velocity in 
meters per second.  Substituting into equation 2.6 for the rate constant, ijk , gives 
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   
 , (2.19) 
where ( )ij   is the electron impact cross-section (Figure 2.4). 
 Assuming a characteristic energy of the gas, for arguments sake 2.5eV, the discharge 
pumping rates can be determined.  To approximate the evolution of discharge produced 
species, flow rates, pressure, and an average bulk flow temperature are needed to calculate 
concentrations.  A typical ElectricOIL experimental flow condition is 10 mmol/s of oxygen 
and 33 mmol/s helium.  Recent high power ElectricOIL devices operate with a discharge 
pressure of approximately 50 Torr and an average discharge temperature of 450 K (300 K 
input, 600 K output).  The final piece of information required is an electron density, which 
will be estimated at 5 x 1010 electons/cm3, consistent with ElectricOIL data by 
Zimmerman[2.10].  The time rate of change for O2, O2(a), and O-atoms are given by Equations 
2.20 - 2.22.  Figure 2.5 illustrates the evolution of these three species, based on the cross-
sections from Figure 2.4. 
 2
1 2 2 2 5 2 6 2 2
( )
[O ][ ] [O ( )][ ] [O (a)][ ] [O][O (a)][O ]
d O a
k e k a e k e k
dt
     (2.20) 
 2
1 2 2 2 4 2[O ][ ] [O ( )][ ] [O ][ ]
d O
k e k a e k e
dt
      (2.21) 
 
4 2 5 22 [O ][ ] 2 [O ( )][ ]
d O
k e k a e
dt
    (2.22) 
 
 
Figure 2.5: Discharge evolution of O2, 
O2(a), and O-atoms for 10 mmol/s of O2 
and 33 mmol/s of helium at 450 K and 50 
Torr, assuming 5x1010 electrons/cm3 and 
a characteristic electron gas energy,  , of 
2.5 eV.  No quenching or recombination 
terms included other than super-elastic 
depletion of O2(a).  Model: SKM. 
 
36 
 
 Notice in Figure 2.5 that for the conditions described a peak yield of O2(a) of 
approximately 11 percent is predicted.  Notice that the concentration of oxygen atoms is on 
the same order of magnitude as O2(a).  Since oxygen atoms deplete the concentration of 
ground state O2, the oxygen available to be pumped to O2(a) is reduced.  No recombination 
reactions for oxygen atoms are included in the calculation illustrated in Figure 2.5.  Oxygen 
atom recombination reactions will reduce the oxygen atom population and increase O2(a) 
yield, however, the trend and point are still valid in their absence.  In the next section, it 
shall be seen how the addition of nitric oxide reduces oxygen atoms through a recycling 
process, providing key reactions that ultimately facilitated the first successful EOIL. 
 Figures 2.6a and 2.6b provide a comparison of a Maxwellian equilibrium EEDF and 
non-equilibrium EEDF as determined by BLAZE-V.  Results are provided at three different 
electric field to gas density ratios (E/N), a parameter that essential determines the electron 
gas characteristic energy (or electron temperature).  An E/N of 1 to 10 Td, about typical for 
ElectricOIL, results in a characteristic electron gas energy of 0.35 to 2.67 eV.  Notice that 
while the Maxwellian is not a bad approximation to the non-equilibrium EEDF, it tends to 
under predict the electron density at low electron energy.  Additionally, as shown in Figure 
2.6b, inclusion of energetic states such as O2(a) result in a double hump in the non-
equilibrium EEDFs as super-elastic collisions return energy back to the electron gas. 
 
Figure 2.6: Non-equilibrium EEDF as a function of E/N compared to an equilibrium EEDF for 
cases (a) no excited states (b) 20% O2(a), 2.4% O2(b), and 7% O(
3P).[2.11]   Model: BLAZE-V.   
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2.1.5. Nitric oxide 
 A major discovery on the road to successful positive gain and lasing of an EOIL device 
was the discovery of the benefits of adding small quantities of nitric oxide (NO), usually on 
the order of 1 to 2% of the oxygen flow rate.  The initial motivation for adding nitric oxide to 
the discharge was manipulation of the discharge E/N to better favor production of O2(a).  
Ionization potentials of oxygen and nitric oxide are 12.07 and 9.26 eV, respectively. 
Diluting oxygen with helium had been shown to reduce E/N[2.12] with significant 
benefit to O2(a) production.  The addition of nitric oxide was meant to build on this success.  
As an aside, helium has a much higher ionization potential of 24.6 eV, so doesn’t follow the 
same logic for E/N reduction.  Nevertheless, helium assists in lowering the E/N by 
contributing to the ionization of oxygen through helium metastables.  Helium also has 
outstanding heat transfer characteristics, thus helping to uniformly distribute thermal 
energy in the discharge and reduce instabilities such as thermal constrictions of the plasma.  
Unfortunately, adding nitric oxide did not have the desired effect of lowering E/N, only 
marginally affecting the plasma voltage[2.13]. 
Nevertheless, adding NO did result in an increase in O2(a) concentration by 
approximately 60% under the conditions of early ElectricOIL discharge testing[2.13].  The 
benefits attributed to NO were later explained by Zimmerman[2.14] to be a recycling process 
of NO that depletes oxygen atoms in the discharge (R7-R9 in Table 2.1).  By depleting 
oxygen atoms, a greater population of ground state oxygen exists to be pumped to O2(a), 
and deactivation reactions such as R6 (Table 2.1) are reduced. 
 Modified rate of reaction equations including NO are given as Equations 2.23-2.27.  
The model (SKM) described in the previous section with the addition of reactions R6-R9 
(Table 2.1) is illustrated in Figure 2.7.  Notice that for the same conditions as Figure 2.5, 
oxygen atoms have been reduced by approximately a factor of 4 by the discharge exit, and 
O2(a) yield has increased from about 11 to 17 percent.  The process of recombination of 
oxygen atoms by recycling NO under the assumptions of this model predicts the observed 
population change in discharge effluents, supporting Zimmerman’s hypothesis[2.14].   
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Table 2.1: Reaction set used in Simplified Kinetic Model (SKM) to illustrate discharge 
production processes and post discharge quenching.  Units: 2-body [cm3/s], 3-body [cm6/s] 
# Reaction Rate Reference 
R1 
2 2( )e O O a e
     EEDF [2.8] 
R2 
2 2( )e O a O e
     EEDF [2.8] 
R3 
2 2( )e O O b e
     EEDF [2.8] 
R4 
2 2e O O e
     EEDF [2.8] 
R5 
2( ) 2e O a O e
     EEDF [2.8]* 
R6 
2 2 2( ) O 2O O a O O     k6 = 4.68×10
-28
 (T)
-1.5 
[2.6] 
R7 
2 2 2O NO O NO O     k7 = 2.08×10
-28
 (T)
-1.41 
[2.6] 
R8 
2O NO He NO He     k8 = 6.5×10
-12
 e
(120/T) 
[2.6] 
R9 
2 2O NO O NO    k9 = 1×10
-32 
[2.6] 
*Dissociation cross-section data from reaction (4) shifted by threshold energy of O2(a) 
 2
1 2 2 2 5 2 6 2 2
( )
[O ][ ] [O ( )][ ] [O (a)][ ] [O][O (a)][O ]
d O a
k e k a e k e k
dt
     (2.23) 
 2
1 2 2 2 4 2 7 2 9 2[O ][ ] [O ( )][ ] [O ][ ] [O][NO][O ] [O][NO ]
d O
k e k a e k e k k
dt
       (2.24) 
 
4 2 5 2 7 2 8 9 22 [O ][ ] 2 [O ( )][ ] [O][NO][O ] [O][NO][ ] [O][NO ]
d O
k e k a e k k He k
dt
      (2.25) 
 
7 2 8 9 2[O][NO][O ] [O][NO][ ] [O][NO ]
d NO
k k He k
dt
     (2.26) 
 2
7 2 8 9 2[O][NO][O ] [O][NO][ ] [O][NO ]
d NO
k k He k
dt
    (2.27)  
  
Figure 2.7: Discharge evolution of O2, 
O2(a), and O-atoms for 10 mmol/s of O2, 
33 mmol/s of He, and 0.15 mmol/s NO at 
450 K and 50 Torr, assuming 5x1010 
electrons/cm3 and a characteristic 
electron gas energy,  , of 2.5 eV.  No 
quenching or recombination terms 
included other than super-elastic 
depletion of O2(a) and recombination of 
oxygen atoms by recycling of NO.  Model: 
SKM. 
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 Nitric oxide not only positively impacts discharge production of O2(a), but also 
reduces O2(a) quenching in the post-discharge flow.  Figure 2.8 illustrates the decay of O2(a) 
concentration as a function of time beyond the discharge exit resulting solely from reaction 
R6 (Table 2.1) in the absence of NO.  O2(a) yield decreases form approximately 11 percent at 
the discharge exit to 4 percent after 10 milliseconds, a detrimental reduction in extractable 
energy. 
 
 
 
Figure 2.8: Post-discharge evolution of O2, 
O2(a), and O-atoms for 10 mmol/s of O2 
and 33 mmol/s of He.  Zero nitric oxide.  
At 450 K and 50 Torr, assuming zero 
electrons/cm3. No quenching or 
recombination terms included other than 
quenching of O2(a) by oxygen atoms.  
Model: SKM. 
 In Figure 2.9 (a), 0.15 mmol/s of NO is again added to the EOIL gas mixture and 
reactions R7 – R9 (Table 2.1) are considered.  For the sake of comparison to Figure 2.8, an 
initial yield of 11 percent at the discharge exit is assumed.  Oxygen atoms concentrations 
are shown to be depleted by approximately an order of magnitude after 10 milliseconds, 
gradually reducing their impact on singlet oxygen concentration.  Over the same time 
period, singlet oxygen has now only decayed from 11 percent to 8 percent. 
 Figure 2.9 (b) illustrates how oxygen atom population can be controlled by varying 
the flow rate of nitric oxide.  Note, however, oxygen atoms are intentionally not eliminated 
from the ElectricOIL flow, regardless of the depleting effects of R6 (Table 2.1).  Oxygen 
atoms have been found to provide a single benefit to EOIL operation.  Oxygen atoms assist 
in molecular iodine dissociation, largely replacing the role normally taken by O2(a) in COIL.  
Again, here is another striking difference between EOIL and COIL operation. 
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 By tweaking the flow rate of NO, oxygen atom population can be controlled to 
provide an optimal level of oxygen atoms to assist in iodine dissociation, while not 
detrimentally depleting O2(a) population or deactivating I*.  This optimal flow rate of NO is 
easily found experimentally by varying the NO flow rate and observing the impact on gain 
and laser power.  Of course, a depleting effect on O2(a) still does exist that ideally should be 
removed.  To reduce the impact of remaining oxygen atoms, as well as other loss 
mechanisms, residence time between the discharge and optical cavity is reduced to the 
bare minimum.  Furthermore, investigation of a discharge assisted dissociation technique to 
replace both oxygen atoms and O2(a) has been investigated and discussed in Chapter 6. 
  
Figure 2.9: Post-discharge evolution of (a) O2, O2(a), and O-atoms for 10 mmol/s of O2 and 
33 mmol/s of He, and 0.15 mmol/s NO at 450 K and 50 Torr, assuming zero electrons/cm3. 
(b) O2(a) and O-atoms for 10 mmol/s of O2 and 33 mmol/s of He, and varying flow rates of 
NO at 450 K and 50 Torr, assuming zero electrons/cm3. Model: SKM. 
 
2.2. Species and thermal energy regulation (STER) 
The positive impact of nitric oxide on O2(a) production demonstrates the value of 
species population regulation to improve EOIL operation.  However, nitric oxide is not the 
only tool used by ElectricOIL to regulate species.  This work has demonstrated that 
pressure, temperature, transport time, material choice, and diluent all play critical roles in 
effective EOIL design (further discussed in Chapter 5). 
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 Another important side effect of discharge production of O2(a) is substantial thermal 
energy in the discharge effluent.  Thermal regulation, as with most lasers, is a central 
concern in EOIL operation.  Aptly managing thermal energy can significantly improve 
performance by affecting temperature dependent rates of reaction and increasing the 
extractable energy stored in O2(a) by lowering the threshold yield necessary to achieve 
optical transparency.  This section will further discuss STER theory. 
2.2.1.   Volume recombination and quenching 
 While nitric oxide plays an important role in EOILs, it is not the only process for 
recombining oxygen atoms. For example, two oxygen atoms with any third body, M, such as 
He, O2, O2(a), or even another O-atom, may result in recombination
[2.15], 
 23 3 2( P) ( P) ( )
OMkO O M O X M    , (2.28a) 
 34
2 4.5 10 exp(630 / ), T 200 400KOMk T
    . (2.28b) 
In other words, every molecule in the system may participate in recombination of oxygen 
atoms.  Given that the rate of the depletion is concentration dependent, this provides other 
very useful knobs to regulate oxygen atoms.  Species concentration is proportionally 
dependent to pressure and inversely proportional to bulk flow temperature.  Figure 2.10 
illustrates the impact of varying species concentration by varying pressure for a fixed 
temperature of 450 K on O-atom recombination. 
 
 
Figure 2.10: Pressure dependency of 
oxygen atom recombination illustrating 
how increasing system pressure benefits 
O-atom depletion.  10 mmol/s of O2, 33 
mmol/s of He, and zero nitric oxide at 450 
K and varying pressure. Model: SKM. 
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The same conditions as applied in previous sections are applied to Figure 2.10, except the 
volumetric recombination process described in Equation 2.28 has been added to the SKM 
reaction set.  The nitric oxide flow rate is assumed zero in order to focus on the effects of 
three-body recombination and pressure dependency.  Inclusion of NO will simply further 
increase the rate of decay of O-atoms. 
 As discussed earlier, the recombination of O-atoms in the discharge increases the 
ground state population of molecular oxygen, providing a greater pool of molecules able to 
be pumped to the singlet oxygen state.  Recombination beyond the discharge also reduces 
singlet oxygen decay by such processes as R6 (Table 1).  This result suggests that higher 
pressure EOIL designs, assuming that energy deposition into singlet oxygen can be 
maintained or improved with pressure, is preferred.  We shall see in Chapter 4 that this is 
achievable within limits.  Though yield drops, singlet oxygen flow rate increases with 
pressure and appropriate discharge power, beyond 50 Torr, in present ElectricOIL discharge 
designs.  
 The complications created by oxygen atom production, however, are not simply 
resolved by the removal of oxygen atoms.  Significant energy is unavoidably invested in the 
dissociation process and creation of undesirable energetic states.  Similarly the energy is 
thermalized back into the flow by the exothermic recombination and quenching processes.  
The increase in thermal energy is easily observable as a significant increase in flow 
temperature with the addition of nitric oxide, when all other conditions are left unchanged. 
 Notice the temperature dependency of three-body recombination[2.15] of O-atoms 
(Equation 2.28b) as well as other processes such as O2(a) pooling
[2.16], 
 1 3 12 2 22 (a ) ( X) (b )
poolkO O O    , (2.29a) 
 28 3.89.5 10 T exp(700 / )poolk T
  . (2.29b) 
As flow temperature drops, recombination is more favored as there is an increase in low 
energy particles.  Similarly, given that singlet oxygen is a relatively low energy state, a large 
number of low energy particles means a smaller probability of collisions resulting in the 
production of higher energy states such as with pooling (Equation 2.29).  Equations 2.28 and 
2.29 for recombination and pooling are plotted in Figure 2.11(a). 
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 Recombination at lower temperature is not only favored due to an increase in the 
recombination rate constants, but also by an increase in total particle density.  But this is 
simply an extension of the argument made above for increasing pressure as a change in 
pressure at constant temperature is actually a density argument. 
 These observations suggest that optimal EOIL operation will occur by lowering flow 
temperature within and immediately downstream of the discharge.  Given the temporal 
dependence of decay, any action taken to minimize flow temperature, should be taken as 
close to the discharge exit as possible.  Such designs have been developed in this work as 
essential to improving ElectricOIL performance and will be further discussed in Chapter 5. 
 
Figure 2.11: Temperature dependency of (a) oxygen atom recombination and O2(a) pooling 
reactions, (b) I* quenching.  Illustrating how lowering flow temperature benefits O-atom 
depletion and O2(a) survival. 
 Note that recombination of iodine atoms, a loss mechanism in EOILs, is also 
temperature dependent and the rate is increased by reducing bulk flow temperature.  
However, because I* has a relatively short lifetime compared with O2(a) and is strongly 
impacted by a variety of loss mechanisms including O-atoms, Figure 2.11(b), mixing with the 
active oxygen flow occurs only immediately upstream of the supersonic optical cavity at 
transonic velocities.  Thus, while the rate of iodine recombination is increased at lower 
temperatures, the residence time between injection and the resonator is so short that the 
impact is small compared with the benefits of reducing O-atom populations.  Iodine 
recombination and its dependencies are further discussed in Chapter 6. 
44 
 
2.2.2. Catalytic surface recombination and quenching 
 Another useful technique for reducing less desirable states such as oxygen atoms is 
catalytic recombination and quenching.  This can be achieved by partially obstructing the 
flow with a catalytic substance or simply through creative selection of wall materials.  
Supplementing volume recombination with catalytic recombination becomes especially 
important as the residence time between the discharge and resonator is progressively 
shortened to minimize losses.  Quenching of O2(a) and O2(b) through collisions with a small 
handful of materials relevant to COIL devices have been studied[2.17],[2.18].  However, the lack 
of the corrosive basic hydrogen peroxide, which limits COIL materials, and the addition of 
significant states such as oxygen atoms in EOILs, makes this body of literature less useful for 
EOIL than COIL research.  Materials studies relevant to EOIL have been conducted during 
this work and their impact on ElectricOIL are further considered in Chapter 5. 
 
2.2.3. Thermal energy regulation 
The demand for thermal energy regulation has been argued by considering the 
temperature and concentration dependency of reactions both within and immediately 
downstream of the discharge.  However, energy transfer between singlet oxygen and 
atomic iodine in creation of the lasing state, I(2P1/2), leaves little doubt regarding the need 
and value for development of thermal management techniques as conducted in this work. 
 The lasing state is populated through a near-resonant temperature dependent 
energy transfer with O2(a
1), 
 1 2 3 2 12 3/2 2 1/2( ) ( ) ( ) ( ) 279
f
b
k
k
O a I P O X I P cm      , (2.30a) 
  11 37.8 10 295 / [ / ]fk T cm s
  , (2.30b) 
  8 ( 403/ ) 33.1 10 1/ [ / ].Tbk T e cm s
    (2.30c) 
The time rate of change of [I*], ignoring secondary processes, based on Equations 
2.30a through 2.30c is 
 
 
2 2
*
[ ( )][ ] [ ][ *]f b
d I
k O a I k O I
dt
  . (2.31) 
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This results in a steady-state equilibrium expression of 
 2
2
[ ][ *]
[ ( )][ ]
f
eq
b
k O I
K
k O a I
  . (2.32) 
The threshold yield of singlet oxygen to attain optical transparency can thus be found by 
 12
2 2
[ ( )]
(1 2 )
[ ( )] [ ( )]
OT eq
O a
Y K
O a O X
  

. (2.33) 
The temperature dependent expression for optical transparency is plotted in Figure 2.12.  
At room temperature, approximately 15 percent yield is necessary to achieve optical 
transparency.  While with thermal regulation, reducing the flow temperature to 150 K in the 
optical cavity, only 4 percent yield becomes required to reach optical transparency.  This is 
essential to EOIL operation given the inherently lower yields attained in a DSOG rather than 
a CSOG, providing another important difference between the two systems.  ElectricOIL 
resonator temperatures are typically between 125 and 150 K (see Chapters 7 and 8 for 
further details). 
 
 
 
Figure 2.12: O2(a) yield necessary to 
attain optical transparency.  At room 
temperature (300K), approximately 15% 
yield is required.  At 150 K, the threshold 
yield drops to 4%.  Temperatures as low 
as 110 K have been observed in the 
ElectricOIL resonator given appropriate 
thermal regulation. 
 
2.2.4. Diluent 
Diluent selection provides additional opportunities to affect discharge performance 
(species regulation) and flow characteristics (flow velocity, concentration, mixing, heat 
capacity, thermal conductivity, and momentum).  Many of these properties will be 
discussed in later Chapters. 
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A critical means by which the diluent affects discharge performance, as discussed 
earlier, is by affecting discharge stability.  For example, the higher thermal conductivity of 
helium compared with other diluents helps avoid instabilities such as thermal constrictions, 
large thermal gradients resulting in constricted regions of higher current.  Reducing such 
instabilities permits higher pressure operation and more uniform energy deposition.  
Greater uniform energy deposition yields a lower characteristic electron gas temperature, 
favoring singlet oxygen production. 
Additionally, choice of diluent mixture based on breakdown voltage is another 
means to affect E/N.  Lieberman and Lichtenberg[2.19]  derive a description for breakdown 
voltage as 
 
ln( ) ln[ln(1 1/ )]
b
se
Bpd
V
Apd 

 
, (2.34) 
where pd is the product of pressure and effective electrode gap in units of Torr-cm, the 
constants A and B are determined by experimental fits, and se is the electrode dependent 
secondary emission coefficient.  Figure 2.13 plots Equation 2.34 for various gases with 
constants provided in Lieberman and Lichtenberg[2.19] and a secondary emission coefficient 
of 0.07 consistent with tungsten electrodes[2.20]. 
 Notice that breakdown voltage is strongly dependent on the product of background 
pressure and discharge gap.  This is intuitive given that the mean free path between 
molecules decreases with increased pressure, increasing collisions, while increasing the 
electrode gap, d, reduces the electric field strength.  Both outcomes reduce the 
characteristic electron gas energy, reducing ionization and increasing attachment.  From 
Equation 2.34, we can also see that while the secondary emission coefficient is not trivial, 
its significance is much weaker than that of pd. 
 The linear relationship between pressure and electrode gap will be especially 
important in later discussions on iodine pre-dissociation (Chapter 6).  It has been shown 
that this relationship is still valid to electrode gaps on the scale of tens of microns[2.21].  
Thus, operational discharge voltage can be maintained as pressure is increased (critical for 
good laser performance), by reducing this characteristic distance.  One of the iodine pre-
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dissociation devices discussed in Chapter 6 has an electrode gap on the order of such small 
scales.  The tradeoff between discharge gap and pressure is also observable in results given 
in Chapter 4 on DSOGs, where smaller discharge gaps are consistently necessary to achieve 
peak O2(a) yields as system pressures (and O2(a) flow rates) are pushed higher. 
 
 
 
Figure 2.13: Paschen breakdown curves 
for a variety of potential diluents.  Notice 
that breakdown voltage is dependent 
upon the product of pressure and a 
characteristic electrode gap.  Thus, 
breakdown voltage may be maintained 
with increased pressure by reducing the 
characteristic electrode gap.[2.19] 
Considering further use of diluent, numerous mixing schemes can be envisioned.  
Not all diluent must necessarily be passed through the discharge.  Certain gases may be 
mixed prior to the DSOG to achieve specific discharge characteristics, while other gases may 
be mixed post-discharge or even prior to the resonator to impact other key EOIL attributes.  
Diluent discussion shall be a reoccurring topic throughout the remaining chapters. 
 
2.2.5.   Flow channel geometries 
Flow channel geometries provide nearly infinite options for impacting both species 
and thermal regulation.  Geometries affect residence time, recirculation, flow velocity, 
species and thermal diffusion distance to walls, catalytic surface area, thermal gradients, 
pressure drop and more.  Creative applications of geometry developed during this work will 
be shown to significantly affect such parameters towards driving improved EOIL operation.  
Simple geometric implementations can simultaneously reduce residence time (reducing 
losses), reduce flow temperature, increase recombination of oxygen atoms through wall 
recombination, while maintaining low pressure losses to avoid negatively impacting DSOG 
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or resonator performance.  Geometric design will also be shown to be an essential tool in 
optimizing power extraction from the supersonic optical cavity.  Flow channel (supersonic 
and subsonic) geometries shall be a reoccurring topic throughout the remaining chapters. 
 
2.3. Iodine pre-dissociation 
 The COIL laser relies on dissociation of the iodine molecule through multiple 
collisions with the electronic state O2(a).  O2(a) is the same state that transfers energy to the 
iodine atom creating the lasing state.  It has been reported that three to six O2(a) molecules 
are quenched in the dissociation of a single iodine molecule.  Thus, for a COIL device, 
operating with a typical [I2]/[O2] of approximately 2%, about 10% O2(a) yield is utilized in the 
dissociation of iodine.  Thus, by pre-dissociating the iodine prior to injection, an 
improvement in O2(a) density is achievable.  This results in a greater than 10% boost in 
extractable energy, given that the recovered O2(a) yield is all likely above threshold. 
Improvements in COIL performance through pre-dissociation of iodine has been 
reported by several authors[2.22],[2.23],[2.24], yet only at marginal lasing conditions.  The 
prevailing explanation for why significant improvement is witnessed at low iodine flow rates 
is that the complex initiation reactions that play a role in iodine dissociation are slow, 
especially when starved of iodine, yet sped along by pre-dissociation.  In turn, at optimized 
flow rates of iodine, concentrations are sufficient to drive the initiation reactions such that 
the pre-dissociation benefit to the overall dissociation process is no longer of consequence.  
Recent investigations[2.25] aim to better define these complex reactions, but historically they 
have been described simply as  
 
11
2 2 2 2( ) ( )
dk VibO a I O X I    , (2.35) 
with a kinetic rate of kd1=7.0×10
-15 cm3/s.  While the dominant reactions in the dissociation 
of iodine once a population of atomic iodine exists are 
 
21
2 2( ) ( ) *
dkO a I O X I     (2.36) 
 
3*
2 2
dk VibI I I I    (2.37) 
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where kd2= 7.8×10
-11 cm3/s and kd3=3.8×10
-11 cm3/s.  Both paths leading towards 
vibrationally excited iodine molecules, complete iodine dissociation by 
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2 2 2( ) ( ) 2
dkVibO a I O X I    , (2.38) 
where kd4=3.0×10
-10 cm3/s.  Investigations conducted in this work and discussed in Chapter 
6 shall offer additional explanations for why pre-dissociation devices may have historically 
failed to improve oxygen-iodine laser performance. 
Nevertheless, while improvements in COIL performance with pre-dissociation have 
been observed in non-optimal lasing conditions, iodine pre-dissociation has yet to be 
reported as a technique for improving power extraction of a high performance oxygen-
iodine laser, though modeling predicts the potential for substantial benefit.  Given typical 
high performance oxygen-iodine laser characteristics, witnessing the predicted benefit 
would require a high iodine dissociation fraction under high pressure and high flow rate 
conditions. 
The dissociation processes described above are less significant in EOIL, where 
oxygen atoms and O2(b) dominate the dissociation process.  Note that in COIL systems 
oxygen atoms are not present and O2(b) has a very small mole fraction <10
-5 because of 
water vapor quenching.  Ideally, as EOIL further develops, the role of oxygen atoms in the 
dissociation process will be mitigated, since atomic oxygen is an undesirable quencher of I*.  
But rather than return much of the load of iodine dissociation back towards O2(a) as 
described in Equations 2.35 through 2.38, this work investigates implementation of a more 
effective discharge-driven iodine pre-dissociation device than previous work, where the 
device is designed to inherently operate at high pressure conditions as expected in an 
efficient EOIL or COIL.  Iodine is dissociated by electron impact, 
 2 2I e I e
    . (2.39) 
Recent work done by this author using the ElectricOIL device has provided the first 
improvement in EOIL laser performance under desirable lasing conditions through use of an 
iodine pre-dissociation device[2.26]. 
 Most implementations of iodine pre-dissociation devices utilize large discharge 
chambers to dissociate molecular iodine, CH3I, or CF3I.  The iodine is then passed through 
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small injector holes to build flow velocity to assist in mixing.  In Chapter 6, this work will 
consider the impact of residence time, pressure and temperature on pre-dissociation 
performance.  Discharges on the downstream side of the injector and micro-cavity 
discharges within the injector holes themselves are proposed, demonstrated, and 
evaluated.  Discharges downstream of the injector provide the benefit of a lower pressure 
region of operation and do not negatively impacting injector physics by requiring lower 
injector plenum pressures to maintain a stable plasma.  Micro-cavity discharges in the 
injector holes provide the benefit of smaller electrode gaps, permitting higher pressure 
discharge operation, suitable for effective injector operation, while minimizing losses by 
minimizing residence time at high pressure. 
 
2.4. Supersonic optical cavity and resonator 
Oxygen-iodine lasers emit in the near-infrared at 1.315 m on the magnetic-dipole 
spin-orbit transition of the ground state configuration of atomic iodine,   
 .315.1,)4,5()3',5( 2/3
25
2/1
25 mhvFPpIFPpI    (2.40) 
Iodine has a nuclear spin of 5/2 resulting in a magnetic dipole moment. The 
structure of the transition consists of two degenerate upper states )3,2',( 2/1
2 FPI and 4 
degenerate lower states )4,3,2,1,( 2/3
2 FPI  where F and F’ are the allowed values of the 
total atomic angular momentum.  Within this zero-field hyperfine structure, six possible 
magnetic dipole transitions are allowed.  Oxygen-iodine lasers operate on the strongest of 
the six zero-field hyperfine transitions, )4()3'(  FF  as shown in Figure 2.14.  Note 
that in the presence of a magnetic field the degeneracies further multiply, increasing the 
number of allowed transitions[2.27],[2.28].  
Since the average thermal energy, 
 TkE BThermal  , (2.41) 
where kB is the Boltzmann constant, is much less than the hyperfine splitting 
energy[2.29], the equilibrium population of the hyperfine sublevels is proportional to their 
statistical weights, 
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Figure 2.14: Atomic iodine 
hyperfine structure. 
 12  FgF . (2.42) 
The statistical weight of the upper and lower states are given by g* and g in 
Equations 2.43 and 2.44, respectively. 
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Table 2.2 gives the expected equilibrium population of each state based on its 
statistical weight. 
Table 2.2: Hyperfine states of I(2P1/2) and I(
2P3/2) 
 
Given the stimulated emission cross-section, , the line-shape function, )(f , the 
population of the upper and lower states, Ni, and their degeneracies, gi, we can determine 
the small signal gain (SSG) of the lasing medium, 
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Upper States cm
-1
gF' gF'/g*
F'=3 7603.2515 7 7/12
F'=2 7602.5923 5 5/12
Lower States gF gF/g
F=4 7603.0898 9 9/24
F=3 7602.9489 7 7/24
F=2 7602.8833 5 5/24
F=1 7602.8586 3 3/24
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The small signal gain is the gain obtained when the probe beam is sufficiently weak to cause 
no saturation of the gain medium.  Having determined the degeneracies of the states and 
determined that they directly correlate to the hyperfine populations, we can further reduce 
Equation 2.45 for the F’=3 to F=4 transition, 
 




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24
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 (2.46b) 
It is now clear that a population inversion (optical transparency) occurs for the 
oxygen-iodine laser when 
 ][
2
1
*][ II  . (2.47) 
Furthermore,     IIf
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where 
2
2
4,34,3
8 n
A


  , (2.48b) 
l  is the length of the volume probed, o / is the fraction of the beam intensity transmitted 
through the volume, and A3,4 is the Einstein A coefficient for the 3,4 transition. 
The transmitted beam intensity, 
o / , is measured using the Iodine Scan Diagnostic 
(ISD), developed by Physical Sciences, Inc. (PSI)[2.30] and described in greater detail in 
Chapter 3. The primary use of the ISD is in determination of the single-pass beam gain due 
to stimulated emission of I(2P1/2) and absorption due to I(
2P3/2).  However, with some post-
processing of the SSG line shapes, additional useful information such as flow temperature, 
flow velocity, and iodine dissociation fraction can be extracted, also discussed in Chapter 3. 
The capability provided by the Iodine Scan Diagnostics of real-time gain 
determination make it one of the most valuable diagnostics in the ElectricOIL diagnostic 
suite.  This capability allows for rapid assessment of system performance impact while a 
wide variety of variables are manipulated, permitting the timely acquisition of the data 
presented throughout this work. 
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3.0 Diagnostics and analysis 
 ElectricOIL experimental research employs a wide range of diagnostics and data analysis 
techniques.  Amongst them are emission, absorption, and florescence measurements that generally 
represent non-intrusive means to gather essential data.  In most instances, this author and 
colleagues at the University of Illinois and CU Aerospace have written computer code to provide 
near real-time processing of experimental data, permitting opportunities for numerous 
investigations with minimal waste of laboratory time or resources.  While much of the credit for 
ElectricOIL and progress over the last decade belongs to the ingenuity of the team conducting the 
investigations, and cooperation with other research facilities around the world, praise must also go 
to the systematic process of ElectricOIL studies aided by assembling and maintaining state-of-the-art 
diagnostic and laboratory equipment.  Advancements in other fields such as spectroscopy, gas 
kinetics, and electronics, over the last few decades provided tools that have played an important 
role in allowing this work to advance at a remarkable pace while other researchers over the last four 
decades have been slow to progress EOIL technology.  This chapter discusses many of the diagnostic 
tools and data reduction techniques applied to this work and utilized to gather the data presented. 
 
3.1 Physical Sciences iodine scan diagnostic (ISD) 
The Iodine Scan Diagnostic (ISD) designed and manufactured by Physical Sciences, 
Inc. (PSI) was developed primarily for advancing the scientific understanding of EOIL and 
COIL systems[3.1].  The diagnostic operates on the established technique of tunable diode 
laser absorption spectroscopy.  The 1.315 m tunable diode laser of the Iodine Scan sensor 
is beam split into a reference and probe beam.  The reference beam is fiber-coupled directly 
to the reference detector, while the probe beam is fiber-coupled to a launch on one side of 
an investigated volume and detected on the far side.  The ISD detects all six hyperfine 
allowed transitions connecting the hyperfine states of the )()( 2/1
2
2/3
2 PIPI 
 
absorption 
transition. 
Figure 2.1 illustrates a typical ElectricOIL SSG for the 3-4 hyperfine transition from 
the 7th generation ElectricOIL cavity (CAV7) developed during this work. 
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Figure 3.1: Representative CAV7 small 
signal gain of I(2P1/2)→I(
2P3/2) 3-4 
hyperfine transition 
 While a very robust instrument, the ISD under some conditions is impacted by noise 
sources, including the ElectricOIL 13.56 MHz power supplies.  Observation of a reference 
beam, usually transmitted through a heated vessel of low-pressure molecular iodine vapor, 
provides the ability to assess quality of data achievable prior to fully initiating the 
ElectricOIL device saving on costly consumables.  The most noticeable impact of electro-
magnetic noise is a reduction in the temperature stability of the ISD diode laser, resulting in 
frequency shifting of the probe beam.  In practice, the ISD is often set to average anywhere 
from 25 to 50 line shapes (user adjustable) to improve resolution, thus any significant 
frequency shifts during an averaged measurement result in erroneous broadening of the 
recorded line shape.  Two concerns of such broadening are under predicting peak gain and 
over predicting media temperature. 
 
3.1.1 Atomic iodine temperature 
The primary technique for determining flow temperature in the optical cavity comes 
from the measurement of the temperature dependent SSG full-width half-max (FWHM) of 
the iodine atom 3-4 hyperfine transition using the ISD.  While the energy exchange between 
O2(a) + I and I* + O2(X) + E, results in a net increase in the kinetic energy of I*, the 
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exchange cross-section is near gas kinetic.  Thus, it is justified to assume the I* temperature 
is representative of the local flow temperature[3.2]. 
The SSG line profile is a convolution of homogeneous and inhomogeneous sources, 
including natural/collisional broadening and Doppler broadening, respectively.  The 
homogeneous sources result in Lorentzian profiles, while the inhomogeneous result in 
Gaussian profiles.  Thus, we must consider the convolution of both, known as the Voigt 
profile.  Equation 2.46b becomes 
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where )(V  is the normalized Voigt function[3.3] 
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where Lv and Gv are the Lorentzian and Gaussian FWHM, respectively.  The Lorentzian 
contribution can be described by[3.4] 
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where Au and Al are the Einstein coefficients and T
u and Tl are the decreased collisional 
decay time for the upper and lower state.  In the case of I(2P1/2), the radiative lifetime is 
approximately 125 ms[3.5], resulting in a negligible natural broadening contribution to the 
profile.  Thus, Lv becomes 
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The collision frequency is given by 
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where Nm is the concentration of particles and Mi are the masses of colliding atoms.  The 
collision cross-section, , is determined through experimental measurement.  Since the 
collision cross-section is experimentally determined, Equation 3.5 is somewhat academic.  
Rather, the Lorentzian broadening can be given by 
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 i iicolL PTvv )(2   , (3.6) 
where Pi is the partial pressure of the collisional partner and i is the experimentally 
determined temperature dependent collisional broadening parameter[3.6].  Often, in the 
literature, i is measured at only one temperature, so based on Equation 3.5, the collisional 
broadening is rewritten with a T1/2 temperature dependence, 
 o
i iicolL T
T
Pvv  2  , (3.7) 
where To is the temperature where i has been measured.  Values for 2I collected from the 
literature for collision partners with atomic iodine relevant to ElectricOIL are summarized in 
Table 3.1. 
Table 3.1: Pressure broadening coefficients with atomic iodine. 
 
The Doppler (Gaussian) broadening can be determined from[3.4] 
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  . (3.8) 
Calculating the Doppler broadening for atomic iodine at a temperature of oT 300 K gives 
251.06 MHz.  Equation 3.8 now simplifies to 
 o
G
T
T
MHzv )06.251(  . (3.9) 
 Since determination of the temperature requires only knowledge of the Voigt 
FWHM and its temperature dependence, there is no need to computationally calculate the 
complete Voigt line shape.  This is fortunate since fitting a Voigt profile can be 
computationally expensive.  A good approximation to the Voigt FWHM, 
Vv , is given by 
Whiting[3.7], 
Collision Partner (300K) 2 Reference
O2 5 [2.7]
N2 5.5 [2.7]
He 3.6 [2.7]
Ar 3.6 [2.6]
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Equations 3.7 and 3.9 for the collisional and Doppler broadening can be plugged into 
Equation 3.10 and rearranged to yield, 
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where eff is the effective broadening coefficient weighted by the partial pressures of the 
colliding partners, 
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Notice that using Equation 3.11 requires the effective broadening coefficient to be 
determined at the reference temperature, To.  Equation 3.11 has been implemented in this 
work as part of a computational program to post-process experimental data provided by 
the PSI iodine scan diagnostic.  The program determines the FWHM of the Voigt line shape 
and then the temperature given the specific gas mixture and pressure of each experimental 
measurement. 
The most significant source of error arises from experimental measurement of the 
small signal gain.  To reduce noise in the SSG measurement, often 25 to 50 samples are 
collected and averaged.  Electrical noise from the 13.56 MHz ElectricOIL discharge power 
supplies periodically result in instability of the ISD centerline frequency, resulting in shifting 
of the SSG signal.  Since the SSG is the average of many samples, the result is an increased 
broadening of the FWHM and an over-prediction of temperature.  Introducing sufficient 
shielding to reduce this error is often the source of significant experimental setup time.  To 
reduce the error during data analysis, often between 15 to 30 measurements are recorded 
for any given experimental condition, each an average of 25 to 50 scans.  Statistical analysis 
is then utilized to eliminate outliers and minimize erroneous measurements. 
While other measurements such as pressure, broadening coefficients, and flow rates 
also effect the accuracy of the calculated flow temperature, at the low pressure conditions 
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of ElectricOIL’s supersonic resonator, 3 to 5 Torr, the effect of pressure broadening is small 
and thus the associated errors are negligible.  Whiting’s approximation[3.7] of the Voigt 
FWHM, Equation 3.10, has an error shown to be less than 1 percent.  Because the 
temperature is proportional to the square of the FWHM, the associated error is plus or 
minus approximately 2 percent.  Overall, the accuracy of the temperature measurement is 
believed to be plus or minus 5 percent in the ElectricOIL supersonic cavity. 
 
3.1.2 Iodine dissociation fraction in absence of O2(a) 
An important application of the SSG in this work is determination of the iodine 
dissociation fraction.  In Chapter 6, this work looks at various discharge methods for pre-
dissociating molecular iodine prior to mixing with the oxygen-helium gas mixture that 
becomes the lasing media.  Determination of iodine dissociation is also useful for calculating 
a singlet delta absolute concentration calibration based on measurement of O2(a) 
spontaneous emission intensity as discussed in Section 3.4.1.  
The SSG given by Equation 2.46b shall be further simplified by setting 1)( f , 
reducing it to the peak small signal gain, 
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Notice that for conditions where 0*][ I , such as situations where no O2(a) is 
present in the flow, the concentration of atomic iodine can be inferred, 
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The SSG, in combination with an initial measurement of molecular iodine concentration, 
yields the dissociation fraction,  
 
2 3,4 2
12[ ]
2[ ] 7 [ ]
Peak
Diss
initial initial
gI
f
I I

  . (3.15) 
 The molecular iodine concentration is most reliably made in the optical cavity using 
a molecular iodine absorption diagnostic developed by PSI and discussed in Section 3.3.  
Molecular iodine may also be measured using a heated mass flow meter in series with the 
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iodine vapor feed lines.  However, measuring the iodine vapor prior to injection, rather than 
in the optical cavity flow, over-predicts the quantity of molecular iodine, since some 
unknown amount of iodine condenses on tube and device walls prior to entering the optical 
cavity.  This buildup of iodine is easily observable during testing and post-test cleanup.  In 
other words, measuring the iodine fed to the laser, rather than measuring the actual 
molecular iodine in the optical cavity, under-predicts the dissociation fraction. 
In the presence of O2(a), a significant quantity of I* may be present, adding an 
unknown variable that prevents the simplification of Equation 3.13 and application of this 
technique.  Section 3.2.1 describes a laser induced florescence technique capable of 
providing an iodine dissociation fraction regardless of the presence of I*, though frequently 
more troublesome to implement due to physical limitations of equipment. 
 
3.1.3 Quantifying flow velocity from 1.315 m Doppler shift 
In general, measurement of pressure or temperature at specific locations in the 
supersonic optical cavity give adequate information to estimate the Mach number at those 
locations by either Equation 3.16 or 3.17, respectively. 
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PT and TT are the stagnation pressure and temperature at the measurement location, M is 
the Mach number, and  is the ratio of the specific heats for the gas mixture.  The relations 
3.16 and 3.17 require an assumption of isentropic flow and sufficient information to 
properly determine the temperature dependent specific heats for the gas mixture, not 
necessarily trivial depending on the number and types of constituents in the mixture. 
 Mach number can also be estimated from knowledge of the supersonic nozzle 
profile by Equation 3.18. 
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Again, an assumption of isentropic flow is made.  A* is the area at the nozzle throat.  This 
geometrically determined Mach number, however, does not reflect boundary layer growth 
or three dimensional effects.  Thus, Equation 3.18 will usually significantly over-predict the 
Mach number. 
  It is useful to determine Mach number to evaluate flow velocity and in-turn 
residence time in the optical cavity.  To determine flow velocity from Mach number, 
knowledge of the speed of sound of the fluid is required, 
 a RT , (3.19) 
where R is the gas constant for the mixture and T is the static temperature.  Thus, in order 
to determine flow velocity (residence time), required information includes a non-trivially 
determined ratio of specific heats, details of the gas mixture to compute a gas constant, a 
measurement of temperature, and estimation of Mach number.  This is certainly doable, 
however, with many opportunities for error, circumstances where the velocity can be 
directly observed to corroborate calculations is always welcome.  The SSG can provide such 
an opportunity.  
By angling the SSG probe beam at a well-known angle,  , to the flow direction of 
the lasing media, the gain signal returned will be Doppler shifted with respect to the 
reference signal generated by the ISD.  The flow velocity can be calculated from 
 probev
vc
u


)sin(
 , (3.20) 
where v is the Doppler shift and  is the probing frequency.  In particular instances, when 
the probe beam is angled sufficiently, often 20 degrees or more, the Doppler shift can 
exceed the full-width of the 3-4 hyperfine transition[3.8]. 
 While this technique for velocity measurement does provide a direct confirmation of 
the flow velocity, it does have some limitations.  The moderate angles involved to achieve a 
reliable measurement of Doppler shift result in an average flow velocity over some length of 
the optical cavity equal to 
 
)tan(lxavg   , (3.21) 
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where l  is the resonator gain length.  For example, the CAV7 ElectricOIL has a gain length of 
22.9 cm.  Given a probing angle of 10 degrees, the flow velocity will be averaged over 
approximately 4 cm in the flow direction.  In other words, this technique can provide a 
confirmation of resonator average velocity, but is not suitable for developing a detailed 
velocity profile. 
A significant source of error in the technique is measurement of the probing angle 
relative to the flow direction.  An error of plus or minus 1 degree in the probing angle can 
result in a 10 percent error in the calculated velocity for a nominal angle of 10 degrees.  
Greater probing angles reduce the error, yet increase the flow distance over which the 
velocity is averaged. 
 
3.2 Laser induced fluorescence of molecular iodine 
Laser induced fluorescence (LIF) of molecular iodine (Equation 3.22) has been 
employed repeatedly throughout this work to monitor iodine dissociation fraction.  In each 
case, the investigated volume containing molecular iodine is interrogated using a 514 nm 
beam with a cross-sectional diameter of about 2 mm.  The beam is generated by a Spectra 
Physics 165 argon-ion laser.  Typical beam powers are between 0.5 and 1W, providing 
sufficient intensity to excite molecular iodine to the I2(B) state, but insufficient intensity to 
contribute anything but negligible dissociation itself. 
 hvXIBInmXI  )()(514)( 222 , (3.22) 
The intensity of the fluorescence is monitored either using a Santa Barbara 
Instruments Group CCD camera centered at 576 nm or Hamamatsu R955 photo-multiplier 
tube filtered at 580 nm.  The CCD camera is mounted to a Jarrell-Ash 100 mm focal length 
monochromator and coupled to the investigated volume using an Oriel model #77538 glass 
fiber bundle.  Both instruments work well, though the CCD camera provides greater 
information allowing better background correction under some circumstances. 
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3.2.1 Iodine dissociation fraction in the presence of O2(a) 
Measurement of the dissociation fraction is generally faster using the SSG because it 
can more readily investigate a volume with minimal setup time.  However, the SSG 
measurement discussed in Section 3.1.2 requires that no I* be present in the flow.  This 
requires the absence of singlet oxygen.  During initial investigations of various iodine pre-
dissociation devices in this work, a simple environment is maintained of iodine and helium, 
occasionally purged with nitrogen.  However, investigations of dissociation fraction in an 
active EOIL device guarantees the presence of I*, requiring another method such as LIF. 
All else being equal, the relative change in emission intensity measured at 576 nm 
corresponds directly to a relative change in the concentration of molecular iodine.  Typical 
experiments consist of an initial intensity measurement,
initialI , in the absence of any 
dissociation source, followed by another intensity measurement, finalI , with the source of 
dissociation active.  Thus, the dissociation fraction becomes 
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where 
initialI ][ 2 is the initial concentration of molecular iodine and ][I  is the concentration 
of iodine atoms with the dissociation source.  Backgrounds are taken in each instance to 
eliminate contributions to the broadband intensity from discharge and/or environmental 
sources. 
The primary source of error is fluctuations in the argon-ion laser power.  The 
fluctuations occur on a time scale of 10s of seconds to 10s of minutes, likely due to 
temperature changes in the argon-ion laser or Specrtra Physics 265 exciter.  To minimize 
error, measurements are taken in rapid succession with and without the dissociation 
source.  Each measurement is also repeated to further reduce error statistically.  In Chapter 
6 results are provided that compare dissociation measurements made with both LIF and 
SSG.  The results show good agreement providing confidence to both methods. 
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3.3 Physical Sciences I2 and O3 absorption diagnostics 
 Molecular iodine and ozone number density are measured at point of interest using 
micro-absorbance diagnostics developed by Physical Sciences, Inc.  Both diagnostics operate 
on the principle of Beer’s law,  
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where I  and oI  are the beam intensities with and without an absorber,   and N are the 
absorption cross-section and number density of the absorber, and L is the absorption 
length.  Absorption cross-sections for molecular iodine and ozone are 1.63×10-18 cm2 and 
1.147×10-17 cm2, respectively. 
 The molecular iodine diagnostic uses collimated light from a blue diode filtered at 
488 nm, while the ozone diagnostic uses collimated light from a mercury pen lamp at 254 
nm.  Due to characteristic short lengths in EOIL and COIL devices, and low concentrations of 
each molecule, the diagnostics use high-precision, low-noise electrometer-amplifier 
systems that give about 20-bit sensitivity.  Molecular absorbances,  ln /oI I , can be 
measured as low as 10-5.  ElectricOIL investigations in this work often use flow tubes and 
optical cavities with absorbance lengths on the order of 5 cm, corresponding to detection 
limits of 122[ ] 1.2 10I   cm
3 and 113[ ] 1.7 10O   cm
3. 
 As with the PSI gain diagnostic, both absorption diagnostics are subject to error from 
EMI, most notably EOIL discharges, and signal drift of the light sources.  Care must be given 
to minimize such impact through electrical isolation and/or shielding.  Often, with 
significant effort, the impact of EMI on operation of the diagnostic may also be documented 
for a given setup and post-processed to correct measurements, but such an approach often 
leaves some concerns regarding the accuracy of the measurement.  For that reason, every 
effort is generally made to reduce noise to an acceptable level prior to data gathering.  The 
contributions to measurement error by noise from the light sources and signal drift from 
thermal variations are primarily dealt with internal to the diagnostic by beam splitting prior 
to the investigated volume for reference.  Thus, I  is the measured intensity after passing 
through the absorption region and oI  is the beam split reference. 
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 Another significant and common source of error are broadband emissions from 
other species or environmental factors that coincide with 488 or 254 nm.  For example, 
presence of nitric oxide results in a broadband O-NO radiation that includes 488 nm and 
NO(A→X) ultraviolet emission that that coincides with 254 nm.  
 
3.4 Princeton Instruments optical multi-channel analyzer (OMA) 
The O2(a→X) infrared emission occurs with its Q-branch peak near 1268 nm.  In this 
work, the emission is detected using liquid-nitrogen cooled Princeton Instruments Optical 
Multi-channel Analyzers (OMA-V, InGaAs array).  This work employs two OMAs. The first, 
OMA-1, was utilized principally during early ElectricOIL development.  The later addition, 
OMA-2, provides improved resolution and accuracy.  The improved resolution offers 
sufficient spectral information for temperature determination.  Collection of emission is 
assisted with a wide range of accessories including, but no limited to, 5 m long ThorLabs 600 
m multimode fibers, a ThorLabs F810SMA-1310 collimator, and custom build nitrogen-
purged diagnostic blocks.  Detailed specifications of both OMAs and their associated 
monochromators are provided in Table 3.2. 
Table 3.2: Princeton Instruments Multi-channel Analyzers from Princeton Instruments. 
INSTRUMENT NAME: OMA-1 INSTRUMENT NAME: OMA-2
SENSOR SENSOR
Description: Optical Multi-channel Analyser Description: Optical Multi-channel Analyser
Manufacturer: Roper Scientific Manufacturer: Roper Scientific
Model: 7410-0003 Model: 7498-0001
Array: 512 (linear) InGaAs Array: 1024 (linear) InGaAs
Cooling: Liquid Nitrogen Cooling: Liquid Nitrogen
Spectrum: Near Infrared Spectrum: Near Infrared
MONOCHROMATOR MONOCHROMATOR
Manufacturer: Acton Research Corporation Manufacturer: Acton Research Corporation
Model: SP-150 Model: SP2300i
Focal Length: 150 mm Focal Length: 300 mm
Grating: 600 g/mm Grating: 600 g/mm or 1200 g/mm (turret)
Grating blaze: 1 m Grating blaze: 1.2 m
Slit Width: 25 m Slit Width: 50 m
 
A representative scan of the infrared around 1268 nm when monitoring the output 
of an ElectricOIL discharge with the OMA is presented as Figure 3.2.   One implementation 
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of an ElectricOIL diagnostic block is illustrated in Figure 3.3, though most were of similar 
design.   
 
 
 
Figure 3.2: Representative ElectricOIL 
O2(a→X) infrared emission 
 
 
 
Figure 3.3: Representative ElectricOIL 
diagnostic block with ThorLabs collimator, 
ThorLabs 600m fiber, nitrogen purged 
windows, and local static pressure port. 
The purged anodized aluminum diagnostic blocks permit multiple measurements at 
a single location.  Both OMAs interface to a Windows PC running WinSpec32.  The raw 
spectra is then ported to Excel and processed utilizing a computational program developed 
specifically for this work.  The program removes underlying emission from broadband 
sources, most notably nitric oxide (Figure 3.4), then integrates the spectra.  Additionally, the 
software uses a technique described by Day[3.9] to theoretically compute the O2(a) spectral 
intensities and in doing so estimate temperature as further discussed in Section 3.4.2. 
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Figure 3.4: Representative ElectricOIL 
O2(a) emission with and without nitric 
oxide present in the lasing media.  Given 
the linearity of the broadband emission in 
the range of interest, it is easily removed 
during post processing. 
 Figure 3.4 illustrates the broadband O-NO emission that generally exists when nitric 
oxide is added to the flow.  Given its near linearity between 1240 and 1300 nm, the 
broadband emission is easily removed allowing for further data processing. 
 Once the OMA is calibrated for O2(a) number density based on emission intensities, 
the diagnostic, including data acquisition and processing time, provides an O2(a) yield 
estimation with a frequency as fast as once per minute.  This allowed near real-time 
assessment of ElectricOIL discharge performance during testing.  Given the direct 
correlation between extractable laser power and energy stored in O2(a), the OMA is 
arguably the most cost-effective instrument in the ElectricOIL toolbox at advancing the 
science and technology of ElectricOIL.  Knowledge of O2(a) concentration at various 
locations throughout the system provides significant insight that can often predict the 
outcome of a full lasing experiment without expending the considerable resources 
necessary to do so. 
 
3.4.1 O2(a) absolute concentration calibration 
 The absolute singlet oxygen concentration calibration was initially achieved using a 
method described by Rawlins.[3.10].  The calibration has since been cross-checked using 
multiple methods including “absolute intensity calibration” using a blackbody source and 
consistency with numerical modeling results[3.11],[3.12]. 
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The O2(a) absolute concentration calibration is based on three relations.  First, that 
the small signal gain is related to the number densities of I* and I, through 
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 is the small signal gain,  is the temperature dependent stimulated emission cross-section 
of ),(* XII   [I*] is the number density of I(2P1/2), and [I] is the number density of ground 
state atomic iodine.  Second, the equilibrium equation for energy transfer between O2(a) 
and I, and the reverse between I* and O2(X) is given by  
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Third, the iodine donor concentration, Do, and its dissociation fraction, f, 
 ][][ * IIfDo  . (3.32) 
Combining the three relations, the following equation for O2(a) yield can be found.
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Through knowledge of the iodine concentration and dissociation fraction, small signal gain, 
and temperature dependent equilibrium constant, Keq, we can calibrate the integral of the 
1268 nm emission observed by the OMA-V to an empirically determined O2(a) flow rate.
 
Many measurements are required to ascertain the absolute population of O2(a) by 
the method described.  Thus, there is significant opportunity for error.  The I2 flow rate is 
measured using absorption at 488 nm, and requires accurate knowledge of the flow rates, 
pressure and temperature at the measurement location.  Complete iodine dissociation is 
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assumed, though it is often verified using LIF or SSG.  A measurement of oxygen atoms must 
be made to correct the post-discharge molecular oxygen flow rate.  The oxygen atom flow 
rate measurement is likely only good to a factor of 2.  Under some circumstances, weakness 
in the gain signal can make determination of the small signal gain and flow temperature 
(based on the full-width-half-max) difficult.  In short, the complexity of the method makes a 
high degree of accuracy in the absolute calibration of O2(a) challenging.  By itself, the error 
is believed to be as much as plus or minus 20%. 
However, we can increase confidence in the measurement by finding an 
experimental condition where the small signal gain is zero, otherwise known as optical 
transparency.  The yield now becomes the threshold yield given by 
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The flow temperature can be attained reliably from the O2(a) or  O2(b) emissions.  Thus, 
under conditions of optical transparency, the calibrated yield measurement made with the 
OMA-V can be verified against the theoretical threshold yield value without concern for the 
accuracy of the dissociation fraction measurement, small signal gain measurement, or 
iodine flow rate measurement. 
The OMA-V spectrometer has also been calibrated through the use of a black body 
source.  A black body source provides a known continuum emission at a given temperature.  
We cross-calibrate the integral of the signal measured with the OMA-V to the known 
emission strength from the black body source in the region of 1268 nm.  However, this is 
complicated by optical losses that must be accounted such as refraction, reflection, 
absorption, etc.  Calibrations through the use of a block body source have proven less 
consistent than the first method described above. 
Finally, the Blaze-V electrodynamics-fluids-laser model shows excellent agreement to 
the reported EOIL data.  The model predicts O2(a) yields in close agreement to those 
experimentally determined.  The model furthermore predicts small signal gain very similar 
to experimental results. 
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3.4.2 O2(a) temperature from 1268 nm emission 
 Knowledge of flow temperature is generally essential information for the purpose of 
evaluating experimental results. For example, extracting absolute or relative concentrations 
of excited species from emission or absorption measurements, flow rates, and system 
pressure, requires a system temperature to compute density.  Furthermore, many key 
kinetic rates and flow properties are strongly temperature dependent.  Employing standard 
temperature probes such as thermocouples, thermistors, and RTDs, though, are not often 
practical as they have an intrusive effect on the flow.  Placing a thermocouple on the wall 
only provides a wall temperature, while placing a thermocouple in the flow is impacted by 
recombination and deactivation on its surface.  The most reliable measurements for 
temperature in the case of EOIL (and other laser flows) have been done by non-intrusive 
means.  These means include analysis of SSG, O2(b) emission, and O2(a) emission signals.  In 
Section 3.1.1, the temperature determination from the FWHM of the SSG is described.  Yet 
SSG is only useful in the presence of atomic iodine.  At many locations of interest in 
ElectricOIL atomic iodine is not present, though significant quantities of O2(a) and O2(b) 
exist.  Given adequate resolution, these spectra can provide sufficient information to 
estimate species temperature, which is a close approximation of the bulk flow temperature.  
The strong intensity of O2(b) emission and convenient attributes of the O2(b) P-branch make 
it ideal for a relatively quick spectral temperature estimate.  This procedure is described in 
Section 3.5.1.  However, when O2(b) is similarly not present, such as when in the presence 
of a strong quencher such as H2O or a catalytic wall material, O2(a) spectra provides the 
most reliable temperature estimate.  Given that O2(a) is present in most flows of interest in 
EOIL research, it is sensible to turn to its spectra for temperature.  Still, SSG and O2(b) have 
been preferred for temperature determination in this work, as O2(a) spectra is quite weak, 
requiring long diagnostic exposures by highly sensitive equipment.  Furthermore, the O2(a) 
spectra is reasonably complex, necessitating greater numerical post-processing than other 
methods. 
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 O2(a) spectra consists of 5 branches, O, P, Q, R, and S, corresponding to rotational 
quantum selection rules, J = -2, -1, 0, +1, +2, respectively.  These branches are illustrated in 
the computed intensities shown in Figure 3.5 for allowed transitions. 
 
 
 
 
Figure 3.5: O2(a) emission intensities for 
O, P, Q, R, and S (J = -2, -1, 0, +1, +2) 
branches.  Shown for T = 296 K. 
The wavelength of each of the allowed transitions is taken from the high-resolution 
transmission (HITRAN) molecular database[3.13].  The derivation and numerical method for 
O2(a) temperature determination is described in detail by Day
[3.9].  The ultimate result is the 
expression for emission intensity, 
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where 
 T = temperature 
 TREF = reference temperature 
 c = speed of light 
 c2 = hc/k 
 o = line center 
 12 ( )o  = transition frequency 
 12( , )REF oS T  = absorption intensities at 
reference temperature 
 1( )oE   = energy of lower state 
 2 ( )oE   = energy of upper state 
 
 Once the intensities of each branch are determined for a specific temperature as 
illustrated in Figure 3.5, a line shape distribution function must be applied at each 
wavelength to account for broadening and instrument limitations.  While a convolution of 
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Gaussian and Lorentzian, or Voigt profile, provides best results, a much less computationally 
expensive profile suggested by University of Illinois Professor Joseph Verdeyen that yields 
very good theoretical fits to experimental data is 
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where x  is largely dependent on the resolution of the experimental diagnostic.  Applying 
the line shape function (Equation 3.36) and summing over all allowed transitions from each 
of the five branches provides a fit as illustrated in Figure 3.6.  The temperature is 
determined by an iterative process and the quality of the fit by a method of least squares. 
 
Figure 3.6: O2(a) emission (a) comparison of OMA-V and theoretical fit and (b) zoomed in of 
same spectra shown in (a) illustrating excellent agreement between experimental and 
theoretical.  Estimated temperature for this ElectricOIL data set is 364 K. 
 
3.5 CCD spectrometers 
 The O2(b→X) emission occurs in the near infrared (NIR) around 762 nm.  Two 
thermoelectrically-cooled CCD cameras with attached monochromators are used to observe 
this emission, detailed in Table 3.3.  As with the OMA-V, various accessories are utilized to 
assist in data collection including 5 m long ThorLabs 600 m multimode fibers and custom 
build nitrogen-purged diagnostic blocks as shown previously in Figure 3.3.  In general, O2(b) 
represents a small fraction of the total energy stored in the ElectricOIL flow.  For this 
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reason, little effort has been applied to derive an absolute density calibration to CCD 
intensity measurements.  However, O2(b) is observed as standard practice in most 
ElectricOIL experiments as a quick means to approximate flow temperature while testing, 
reserving more accurate but time consuming temperature determination methods for post-
processing.  Near real-time knowledge of flow temperature assists with near real-time 
estimation of O2(a) and O-atoms yields.  Quick data reduction methods are employed in 
ElectricOIL testing to minimize waste of expensive consumables by allowing test procedures 
to be evaluated and corrected in process rather than after the fact. 
Table 3.3: CCD Spectrometers used in ElectricOIL investigations of visible wavelengths. 
INSTRUMENT NAME: SBIG-CCD INSTRUMENT NAME: Apogee-CCD
SENSOR SENSOR
Description: CCD Camera Description: CCD Camera
Manufacturer: Santa Barbara Instrument Group Manufacturer: Apogee
Model: ST-6 Model: E47
Array: 375x241 Array: 1024x1024
Cooling: Thermoelectric Cooling: Thermoelectric
Spectrum: Visible Spectrum: Visible
MONOCHROMATOR MONOCHROMATOR
Manufacturer: Jarrell Ash Manufacturer: Roper Scientific
Model: M10023100 Model: SP-150
Focal Length: 100 mm Focal Length: 150 mm
Grating: Grating: 1200 g/mm
Grating blaze: Grating blaze: 750 nm
Slit Width: Slit Width:
 
 Though their use has predominantly been for the observation of O2(b) in ElectricOIL 
investigations, the CCD spectrometers have also been used to monitor other excited states 
within the system such as I2(B→X) emission at 576 nm from LIF, O-atom (3p
5P→3s5S) 
emission at 777 nm, and attempting to observe the O2(a) dimol emission at 634 nm. 
 
3.5.1 O2(b
1) temperature from 760 nm emission (Fast Calculation) 
 Bulk gas temperature estimation is preferred by observation of O2(b) in ElectricOIL 
investigations for multiple reasons.  First, with a transition energy of O2(b→X) of 1.627 eV, 
O2(b) emits at around 762 nm in the NIR spectrum.  This permits use of thermoelectrically-
cooled CCD arrays for detection.  Furthermore, O2(b) not only has a higher transition 
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energy, but also shorter lifetime of about 10 seconds compared to O2(a) at 75 minutes, 
again easing detection as 
 em
Nhcv
I

 , (3.37) 
where Iem is the emitted intensity, N is the number of atoms in the upper state,  is the 
lifetime, h is Plank’s constant, c is the speed of light, and  is the quantum wave number 
emitted.  CCD exposure times when monitoring O2(b) are typically shorter than the 10s of 
seconds required for O2(a) observation using a liquid-nitrogen cooled OMA.  Finally, O2(b) 
has a less convoluted spectra than O2(a).  Allowed rotational transitions for O2(b) are 
illustrated in Figure 3.7.   
 
Figure 3.7: O2(b) allowed rotational transitions. 
 Notice two allowed branches P and R.  Additionally, there is splitting of the ground 
state resulting in PP, RR, PQ, and RQ.  The Q branch does not exist for     transitions.  
Because the splitting is small, the PP and PQ, as well as RR and RQ transitions, are almost 
indistinguishable.  The branches are illustrated in Figure 3.8 from data gathered using the 
Apogee CCD spectrometer.  Compare Figure 3.8 for O2(b) to Figure 3.5 illustrating the 
greater complexity of the O2(a) emission.  Starting at 762 nm  (Figure 3.8) and working 
upward in wavelength, each resolved peak corresponds to J’ = 0, 2, 4, 6, 8, etc. of the P 
branch.  Notice that the P branch is far better resolved than the R branch and thus is the 
focus for temperature estimation. 
 The line intensity described by Herzberg[3.14] is 
  ( ) exp ' '( ' 1) /em JI C T S B J J hc kT    (3.38) 
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where C(T) is a grouping of factors nearly constant for a fixed temperature, SJ the line 
strength, J’ is the quantum number of the upper state, and B’ = 1.391 cm-1 is the rotational 
constant for oxygen.  For PP, 1/ 2( ' 1.75)JS J  .  For 
PQ, 1/ 2( ' 1)JS J  .  Given that 
PP and 
PQ are too close to be distinguishable using the Apogee CCD spectrometer, yet also close 
enough to be treated as a single emission, the intensities are added, so  
 1/ 2(2 ' 2.75)JS J  . (3.39)   
 
 
 
 
Figure 3.8: O2(b) P-Branch and R-Branch.  
Given that the spectral peaks are not 
convoluted by overlapping of the two 
branches, temperature determination can 
be simplified. 
 Choosing two transitions, J=J1 and J=J2 of the P branch, and taking the ratio of 
intensities (dropping the primes for convenience), 
 
 
 
1 11 1
2 2 2 2
exp ( 1) /(2 2.75)
(2 2.75) exp ( 1) /
BJ J hc kTI J
I J BJ J hc kT
 

  
, (3.40) 
and simplifying 2 2 1 1
1 2
2 1
{ ( 1) ( 1)}
[ ]
2 2.75
ln
2 2.75
R
Bhc J J J J
T Kelvin
I J
k C
I J
  

   
  
   
, (3.41) 
where CR is a constant dependent on the resolution of the spectrometer and transitions 
considered.  Selecting the two P branch transitions as J1=P6 and J2=P16, Equation 3.41 
simplifies to 
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 
, (3.41) 
where CR has been found to be 0.955 for the particular spectrometer.  Figure 3.9 shows two 
spectra reduced by the method described and illustrates how the spectral intensities vary 
with change in temperature. 
 
 
 
 
Figure 3.9: O2(b) P-Branch and R-Branch.  
Given that the spectral peaks are not 
convoluted by overlapping of the two 
branches, temperature determination can 
be simplified. 
 A more precise method for O2(b) temperature reduction is also implemented and 
employed in post-processing of data.  The method is very similar to that described in Section 
3.4.2 for O2(a) and the details of which can be found in Woodard
[3.15]
.  The more precise 
method described by Woodard can be used to determine CR. 
 
3.6 Photo-multiplier tube 
 A Hamamatsu R955 photo-multiplier tube (PMT) with a narrowband 580 nm filter 
and 50 mm focal length collection lens has been used for multiple types of ElectricOIL 
investigations, but primarily determination of oxygen atom concentration and decay. 
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3.6.1 Oxygen atom concentration 
 The O-atom concentration (and equivalently the O2 dissociation fraction) was 
determined from NO2* using a method described by Piper,
[3.16]  where 
 2*[O]
( )[ ]
NOI
k T NO
 . (3.42) 
The variable k(T) is an experimentally determined temperature (and third-body) dependent 
rate of emission for NO2* resulting from O-NO recombination, 
 *
2 2O NO NO NO h    . (3.43) 
2*NOI  is the intensity of emission measured by the PMT and [NO] the number density of 
nitric oxide.  Zimmerman[3.11] discusses and compares various methods for oxygen atom 
density determination ultimately concluding that a temperature dependence for k(T) of T-1.5 
best agrees with observations for typical ElectricOIL flow mixtures, pressures and 
temperatures. 
 Calibration constants for k(T) are dependent on the specifics of the experimental 
setup, though repeatable once determined.  Values of k(T) used during this work to 
determine oxygen atom density have been cross checked using multiple methods as 
described by Zimmerman[3.11], including numerical modeling predictions.  Given that the 
methods for determining k(T) are fairly elaborate, determined oxygen atom densities are 
generally accepted to be within a factor of two in this work.  However, most of this work 
focuses primarily on relative changes in oxygen atom population, rather than absolute 
concentrations, thus a factor of two accuracy is considered sufficient. 
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3.7 Miscellaneous equipment and instrumentation 
Power Supplies 
 ENI 13.56 MHz OEM-50 (5 kW) 
 ENI 13.56 MHz OEM-25A (2.5 kW) 
Power Meters 
 Bird Thruline 42 wattmeters 
Laser power meters 
 Scientech Astral UC150HD40 (1064 nm) power meter 
 Scientech Astral AC5000 (1064 nm) power meter 
 Scientech Astral AC2500 (1064 nm) power meter 
 Scientech Vector S310 readouts 
Laser Mirrors 
 AT Films 
 Los Gatos Research 
 CVI 
Flow meters 
 Omega MFA3100 gas flow meters (various flow ranges) 
 Omega MFA1700 gas flow meters (various flow ranges) 
 Omega FTB-1412 liquid flow meter 
 Micro-Motion CMF 
Pressure transducers 
 MKS 100 and 1000 Torr absolute capacitive transducers 
 Leybold 10 Torr absolute capacitive transducers 
Thermocouples 
 Omega T and K-type 1/8” SS probe thermocouples 
 Omega T and K adhesive thermocouples 
NI DAQ 
 SCXI-1000 
 Labview 
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4.0 Transverse-capacitive singlet oxygen generator 
 An electric oxygen-iodine laser (EOIL) functions on the principle of O2(a) production by 
means of passing gaseous oxygen through an electric discharge.  Towards this end, research at 
the University of Illinois and CU Aerospace has led to investigations of hollow cathode, 
inductive, transverse-capacitive, and pulsed discharge singlet oxygen generators (DSOGs).  To 
date, best results have come from transverse-capacitive discharges as flow rates and pressure 
have been driven upwards seeking continually greater performance[4.1].  In this chapter, 
computational modeling to better understand the behavior of a transverse-capacitive 
discharge, and research into three specific geometries will be discussed.  These geometries 
were investigated as having strong potential to provide the high performance desired for the 
7th generation ElectricOIL system (CAV7).  These discharges will be characterized for O2(a) yield 
and electrical-to-O2(a) conversion efficiency.  Relative concentrations of O2(a), O2(b), O-atoms 
and O3 will also be briefly considered.   
 
4.1 Analysis of the role of discharge geometry on O2(a) production efficiency  
 The first report of positive gain and lasing of an EOIL employed two 4.9 cm diameter by 
13 cm long hollow cathodes separated inside a quartz tube to create a 25 cm long discharge 
volume.[4.2]  However, the hollow cathode configuration, while successful at low pressure (less 
than 20 Torr) had limitations.  The electrode gap at higher pressure made initiation and 
maintenance of the plasma difficult.  Furthermore, as pressure and power increased, plasma 
instabilities such as thermal constrictions resulted in uneven power deposition, diminishing 
peak O2(a) yield.  A dielectric barrier discharge such as the transverse-capacitive was 
determined to offer better potential for higher pressure, higher power applications.  Early 
ElectricOIL transverse-capacitive investigations[4.3] focused on a clamshell-style electrode-pair 
around a circular quartz tube as depicted in Figure 4.1.  The dielectric barrier inherently ballasts 
current flow through the plasma, resulting in more even power deposition and fewer 
instabilities. 
 Computational and experimental discharge investigations in this work have observed a 
number of interesting consequences of operating a transverse-capacitive discharge in a flowing 
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gaseous oxygen system.  One such consequence is that the plasma initiates and grows from the 
downstream edge of the discharge volume with increasing application of rf power.  The nature 
of a flowing system requires a negative pressure gradient in the direction of flow.  Consider the 
tube illustrated in Figure 4.2 with constant electrode gap.   
 
 
 
 
 
Figure 4.1: Early ElectricOIL transverse-
capacitive clamshell discharge geometry. 
 
Figure 4.2:  Plasma behavior in a flowing system with fixed electrode gap.  Increases in electrical 
power result in plasma growth at approximately fixed voltage (normal glow) until the discharge 
volume defined by the electrodes is filled, where voltage and current begin increasing in 
tandem (abnormal glow). 
Recall also from the earlier discussion in Section 2.2.4, a lower pressure will characteristically 
drop the breakdown potential for a fixed gap.  Thus, at the downstream edge of the discharge, 
where pressure is lowest, the voltage required to maintain the plasma is similarly lowest.  Given 
the right combination of pressure profile along the tube length and applied rf power, the 
plasma will remain contained to the downstream region of the discharge volume in a normal 
glow mode.  The characteristic of a normal glow is that as current increases, voltage across the 
plasma remains relatively constant.  Thus, the behavior of adding additional power (an increase 
in current) to the system is lengthwise growth of the plasma towards the upstream edge of the 
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discharge volume, with little or no change in voltage depending on the strength of the pressure 
gradient.  Once the plasma fills the electrode volume, only then is the plasma characteristic of 
an abnormal glow with voltage and current noticeably increasing in tandem. 
 Zimmerman[4.4] experimentally observes this behavior and notes that in the normal glow 
mode as power is added to an oxygen-helium plasma, the O2(a) yield of the DSOG increases in a 
nearly linear manner.  However, beyond the transition to abnormal glow, the increase in yield 
with power becomes non-linear, peaks, and eventually rolls over.  To experimentally observe 
this behavior, a mixture of 10 mmol/s of oxygen, 33 mmol/s of helium, and 0.15 mmol/s of 
nitric oxide was passed through a 1.9 cm OD (1.6 cm ID) quartz tube using a 35 cm long 
transverse-capacitive discharge at 40 Torr.  The experimental results shown in Figure 4.3 
demonstrate the behavior described by Zimmerman. The rise in O2(a) yield increases linearly 
through about 500 W of applied rf power, then the rise becomes non-linear, peaking near 1 kW.  
 
 
 
 
Figure 4.3: Experimentally measured O2(a) 
and O-atom yields for flow rates of 10 
mmol/s of oxygen, 33 mmol/s of helium, 
and 0.15 mmol/s of nitric oxide through a 
1.9 cm OD (1.6 cm ID) quartz tube and 35 
cm long discharge volume. 
 The simplified kinetic model (SKM), discussed in Chapter 2, based on a Maxwellian 
electron energy distribution and simplified EOIL reaction set is used to provide explanation for 
this behavior.  The electron density is assumed to be 1×1011 cm-3 based on measurements by 
Zimmerman[4.4].  In addition to the volumetric reactions described in Chapter 2, surface 
quenching of O2(a) and surface recombination of oxygen atoms have been included.  The 
surface reactions are described in detail in Chapter 5.  Figures 4.4 (a) and (b) illustrate O2(a) and 
O-atom production, respectively, assuming similar flow conditions to the experiment, but 
allowing electrode length and the characteristic energy of the electron distribution to vary. 
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 Consider Figure 4.4 (a) and imagine that once initiated at low power (in a normal glow 
mode) that the resulting characteristic electron energy is 1.5 eV.  With no increase in E/N 
(electric field to gas density ratio), the plasma remains characteristically at approximately 1.5 
eV until the discharge volume is filled by the plasma and transitions to the abnormal glow 
mode.  Assuming that the discharge volume ends at a length of 50 cm, increasing power to the 
plasma at such point raises the E/N and characteristic electron energy, further increasing O2(a) 
yield until the characteristic energy passes above 3 eV and then O2(a) yield begins to fall off.  As 
electron energy increases, production of other states such as O2(b) and O-atoms become more 
greatly favored, scavenging from O2(a).  Unlike the roll over in O2(a) production, the O-atom 
population simply continues to rise with greater electron energy as shown in Figure 4.4 (b).   
 
Figure 4.4: Modeled growth of (a) singlet oxygen and (b) oxygen atoms as a function of 
discharge length for various characteristic electron energies.  A Maxwellian electron energy 
distribution is assumed.  Flow rates of 10 mmol/s of oxygen, 33 mmol/s of helium, and 0.15 
mmol/s of nitric oxide through 1.9 cm OD (1.6 cm ID) quartz tube are modeled.  Electron 
density is assumed to be 1×1011 cm-3 based on measurements by Zimmerman[4.4].  Model: SKM. 
 Notice also that as the characteristic electron energy is increased from 1.5 eV to 2.5 eV, 
O2(a) is produced more rapidly in the discharge.  However, beyond 3 eV the O2(a) fails to reach 
maximum achievable yields, even after 100 cm.  Rapid growth in O-atom population is a major 
factor above 2.5 eV, leaving progressively less ground state oxygen to pump to O2(a).   
O2(a) 
O-atoms 
A
b
n
o
rm
al
 
A
b
n
o
rm
al
 
85 
 
 To confirm that these modeling results provide the same trend as a function of applied 
rf power as observed by Zimmerman, the power utilization by the plasma is approximated by 
   2 /
0
0.977 * 5.2 * [ ][e ]A
x
in diss c sPower eV k eV k O dx
  , (4.1) 
where kin and kdiss are the rate constants for O2(a) production and O2 dissociation by electron 
impact, respectively, Ac/s is the cross-sectional area of the flow tube, and [O2][e
-] is the product 
of ground state oxygen and electron densities.  The factors 0.977 eV and 5.2 eV are the 
threshold energies for excitation of ground state molecular oxygen to O2(a) and dissociation to 
O-atoms, respectively. 
 Again consider the hypothetical 50 cm discharge discussed above with an assumed 
initial characteristic electron energy of 1.5 eV, followed by an increase in electron energy at 50 
cm.  Figure 4.5 (a) shows a slow increase in power utilization at 1.5 eV, followed by a rapid 
increase in power utilization as electron energy increases.  Looking back at Figure 4.4, about 
60% of the O2(a) production potential takes place up through the transition from normal to 
abnormal glow.  In combination with results shown in Figure 4.5 (a), it is clear that the normal 
glow also represents the highest electrical-to-O2(a) conversion efficiency. 
  
Figure 4.5: Modeled (a) power utilized by the plasma and (b) resulting O2(a) and O-atom yields 
as a function of power for various electron energies.  A Maxwellian electron energy distribution 
is assumed.  Flow rates of 10 mmol/s of oxygen, 33 mmol/s of helium, and 0.15 mmol/s of nitric 
oxide through 1.9 cm OD (1.6 cm ID) quartz tube are modeled.  Electron density is assumed to 
be 1×1011 cm-3.  (Markers are numerical results at various electron energies.)  Model: SKM. 
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Figure 4.5 (b) better illustrates the relationship between power and O2(a) yield, clearly 
predicting the experimentally observed roll over.  As with the experimental measurements 
given in Figure 4.3, the predicted O2(a) yield increases rapidly at low power, yet peaks at around 
800 W, while O-atom yield increases nearly linearly. 
 Note that the yield predicted by the model (Figure 4.5b) is higher than the experimental 
data (Figure 4.3), yet this is reasonable given that the model uses an incomplete reaction set.  
Most notably missing is O2(b), which represents roughly a few percent of the O2 population and 
thus will reduce the achievable O2(a) yield.  The trends illustrated are nonetheless valid given 
the significantly weaker influence of the processes not included in the simplified reaction set. 
 In Chapter 2, the positive impact of nitric oxide to reduce the oxygen atom population 
and increase the O2(a) population was computationally demonstrated.  However, those results 
did not include surface effects, which are shown to provide similar impact.  The computational 
results provided thus far in this chapter have included surface O2(a) quenching and O-atom 
recombination.  Figure 4.6 (a) and (b) illustrate the significant impact of turning off surface 
reactions for a plasma with a characteristic electron energy of 3 eV and the same flow rates as 
given in previous examples. 
       
Figure 4.6: Modeled (a) singlet oxygen yield and (b) O-atom fraction as a function of distance 
through an EOIL plasma with and without surface O2(a) quenching and O-atom recombination.  
A Maxwellian electron energy distribution is assumed.  Flow rates of 10 mmol/s of oxygen, 33 
mmol/s of helium, and 0.15 mmol/s of nitric oxide through 1.9 cm OD (1.6 cm ID) quartz tube 
are modeled.  Electron density is assumed to be 1×1011 cm-3.  Model: SKM. 
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 Notice that by omitting surface effects, even with 0.15 mmol/s of nitric oxide, the 
population of oxygen atoms continues to grow at a considerable rate.  Since the increase in 
oxygen atoms reduces the population of molecular oxygen, the O2(a) population suffers.  
Depending on the length of the discharge, surface effects are predicted to result in as much as a 
15% difference in peak O2(a) at the conditions described.  An important implication of this 
result is that manipulation of the discharge surface area may play an important role in 
optimizing O2(a) production. 
 Given the analysis thus far, one might also conclude that a longer discharge is always 
better.  To illustrate why this is not necessarily the case, consider the efficiency of power 
deposition with increasing length as modeled for the same conditions as before and plotted in 
Figure 4.7.  Due to the many competing volumetric and surface reactions continually taking 
place within the plasma, including quenching of O2(a), populating of undesirable states, and 
thermalizing of energy, efficiency drops with increasing length over which the plasma must be 
maintained. 
  
Figure 4.7: Estimated power fraction into 
the production of O2(a) for various 
characteristic electron energy distributions.  
Modeled assuming a Maxwellian electron 
energy distribution.  Flow rates of 10 
mmol/s of oxygen, 33 mmol/s of helium, 
and 0.15 of mmol/s nitric oxide through 1.9 
cm OD (1.6 cm ID) quartz tube are modeled.  
Electron density is assumed to be 1×1011 
cm-3.  Model: SKM. 
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 Given the previously hypothetical 50 cm long discharge volume, the power fraction into 
O2(a) is predicted to be as great as 0.60 at the point of transition from normal to abnormal 
glow.  Once in the state of abnormal glow, although Figure 4.4 (a) shows that yield continues to 
rise, Figure 4.7 shows that electrical-to-O2(a) conversion efficiency drops considerably.  At peak 
O2(a) yield, around 2.5 eV, the power fraction into singlet oxygen is less than 0.20.  Thus, while 
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increasing discharge length is attractive from the perspective of raising peak O2(a) yield, the 
cost in electrical efficiency may become quite high if overdone.  Moreover, the excess energy is 
primarily going into O-atoms and gas heating, both adverse to performance of the EOIL system. 
 In this section, the impact of discharge geometry has been analyzed.  It has been shown 
that a longer discharge volume (residence time) may improve O2(a) yield, yet increasing 
discharge length too far reduces efficiency of power deposition into the singlet oxygen state.  It 
has also been observed in Section 2.2.4 that the discharge gap should generally be reduced 
with increasing pressure assuming a fixed available breakdown potential.  Finally, it has been 
shown that surface effects are significant and potentially beneficial in maximizing O2(a) yields.  
 In the next section, three discharge geometries will be considered.  The relationship 
between the geometries were evaluated experimentally to determine the impact of (a) surface 
area on peak yield, (b) electrode length on peak yield, and (c) electrode gap on higher pressure 
performance. 
 
4.2 Transverse-capacitive discharge experiments 
 Three quartz discharge geometries were evaluated to determine the most suitable and 
scalable geometry for operation with the 7th Generation ElectricOIL Cavity (CAV7).  These 
geometries include a rectangular tube, an array of circular tubes, and a pair of concentric tubes 
as described in Table 4.1 and illustrated in Figure 4.8.  All three discharge geometries are 
constructed from quartz. 
Table 4.1: Experimentally tested quartz discharge geometries. (C-S: Cross-Sectional) 
Geometry Length Surface Area (SA) C-S Area SA / C-S 
  [cm] [cm2] [cm3] [cm-1] 
A: Rectangular (7.5 - 1.6 cm) 50 910 600 1.52 
B: Circular Array (6X - 1.6 cm ID ) 50 1496 594 2.52 
C: Concentric (5.2 - 3.8 cm) 50 1414 495 2.86 
 
 All three geometries were chosen with similar cross-sectional areas to provide similar 
pressure gradients along their length.  Three comparisons are made.  First, the 7.5 cm x 1.6 cm 
rectangular tube (Geometry A) and the six 1.6 cm ID tube array (Geometry B) were designed to 
have the same electrode gap, but considerably different surface areas, to determine whether 
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surface recombination of O-atoms and thermal diffusion distance to walls influence O2(a) yield.  
Second, three electrode lengths (25 cm, 50 cm, and 107 cm) were tested with the rectangular 
quartz tube (Geometry A) to evaluate the modeling predictions described in the previous 
section.  Finally, the concentric tubes (Geometry C) and the tube array (Geometry B) were 
chosen to have nearly the same surface area, but the concentric tubes offer approximately half 
the electrode gap, to quantify the impact of electrode gap on yield as a function of pressure.  All 
three designs were air cooled, though the central concentric tube is additionally water cooled 
to protect the central grounded electrode from over-heating.  In all cases, flow rates are 45 
mmol/s of oxygen, 150 mmol/s of helium, and 0.3 mmol/s of nitric oxide. 
       
       
  
Figure 4.8: Three transverse-capacitive 
discharge geometries considered for the 7th 
Generation ElectricOIL system including  (a) 
rectangular, (b), tubular array, and (c) 
concentric. 
 The effect of surface area is well represented in Figure 4.9 (a).  With the six tube array 
having 65% more surface area than the rectangular tube, in addition to having an average 
shorter diffusion distance to the walls, increased surface recombination has resulted in 
approximately a 0.5 to 1.0 yield percent increase.  Notice the rectangular discharge is more 
favorable at low power, where O-atom densities are low, resulting in little volumetric 
quenching of O2(a).  Moreover, the rectangular discharge has less surface area to surface 
quench O2(a) and a greater average diffusion distance to the walls.  At low power, the flow 
temperature is also lower, further increasing the diffusion time to the walls and further limiting 
surface quenching of O2(a).  It is only at high power, where high O-atom densities may 
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significantly quench O2(a) (far faster than surface quenching) that the increased surface 
recombination of the tube array aids in improving DSOG efficiency. 
 A consequence of the increased surface area, however, is that the peak in O2(a) yield 
has shifted to a higher power requirement.  Figure 4.9 (b) plots the power fraction into O2(a) as 
a function of applied rf power.  While recombining O-atoms provides a greater population of O2 
to excite to the O2(a), the increased production of O-atoms at higher power results in an 
inefficiency reducing the electrical-to-O2(a) conversion efficiency. 
       
Figure 4.9: Experimental comparison of quartz 7.5 cm x 1.6 cm rectangular geometry and 1.6 
cm ID six-tube array geometry for (a) singlet oxygen yield and (b) power fraction into singlet 
oxygen.  Both discharge geometries are 50 cm in length.   Flow conditions: 45 mmol/s of 
oxygen, 150 mmol/s of helium, and 0.3 mmol/s of nitric oxide.  Pressure ~45 Torr. 
 The influence of increasing electrode length with the rectangular tube (Geometry A) is 
illustrated in Figure 4.10 (a).  As predicted, increasing electrode length provides considerable 
benefit to DSOG O2(a) yield.  The doubling in electrode length from 25 cm to 50 cm increases 
peak yield by approximately 25%.  More than doubling again the length from 50 cm to 107 cm 
provides about another 6% increase in peak O2(a) yield.  Again as predicted, increasing 
electrode length has a rapidly diminishing return on O2(a) improvement.  Notice also that the 
peak shifts to higher power with each increase in electrode length, which indicates a drop in 
electrical-to-O2(a) conversion efficiency if O2(a) yield does not increase by the same factor. 
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 Figure 4.10 (b) plots the power fraction into O2(a) as a function of applied rf power.  The 
first step from 25 cm to 50 cm actually increases the conversion efficiency over the full power 
range.  The second step, however, sees the conversion efficiency at 107 cm fall below the 
efficiency at 50 cm over a large portion of the power range.  At 50 cm and 3.5kW, the peak in 
O2(a) yield, the power fraction into O2(a) is about 15%.  At 107 cm and 4kW, the power fraction 
has fallen to about 14.5%.  Given that the yield appears to have little room to further improve 
with another doubling in discharge length, in addition to the power fraction into O2(a) falling 
with the increase from 50 cm to 107 cm, the optimal discharge length for this geometry 
appears to be approximately 100 cm.  Again, this confirms the modeling prediction that an 
increase in length can provide significant benefit, but due to various loss processes, increasing 
the length (residence time) of the discharge too far will result in a negative impact. 
        
Figure 4.10: Experimental comparison of quartz 7.5 cm x 1.6 cm rectangular geometry with 25 
cm, 50 cm, and 107 cm electrode lengths for (a) singlet oxygen yield and (b) power fraction into 
singlet oxygen.  Flow conditions: 45 mmol/s of oxygen, 150 mmol/s of helium, and 0.3 mmol/s 
of nitric oxide.  Pressure ~40 Torr. 
 The final discharge geometric comparison made in this work is the impact of discharge 
gap on O2(a) production as a function of pressure.  Increasing O2(a) density in the optical cavity 
and maintaining a relatively compact system ultimately requires increases in system pressure 
while maintaining high O2(a) yields and oxygen flow rate.  High system pressures also serve to 
better drive supersonic flow cooling in the optical cavity and assist in pressure recovery.  Figure 
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4.11 illustrates that while increasing pressure has a negative influence on yield, reducing 
electrode gap lessens the negative slope of the result.  Both discharges geometries provide 
approximately the same yield at 50 Torr.  
 Given the stark improvement in negative slope by reducing the electrode gap, further 
studies to optimize the electrode gap seem well warranted.  The concentric discharge, 
however, satisfies the primary goals of this work to better understand scaling relationships and 
develop a solution that outperforms previous ElectricOIL DSOG embodiments.  The concentric 
geometry also provides other favorable attributes including improved manufacturability and 
durability over the other geometries.  The rectangular tube operated the most efficiently of the 
three geometries at low pressure / low power conditions, however, such conditions fall outside 
the scaling requirements of ElectricOIL, though they may be useful for other applications.  
Additionally, the quartz rectangular tubes manufactured for these experiments eventually 
cracked from cyclic stress, dissuading their use.  Finally, the tube array provides nearly identical 
performance to the concentric tubes at 50 Torr, which is within the operational pressure range 
of CAV7, however, the number of flow tubes required would increase to 18 for CAV7 flow rates 
versus three concentric tubes.  Given better durability than the rectangular, reduced complexity 
than the tubular array, and the best high pressure performance, the concentric geometry is 
overall the most favorable design for the 7th Generation ElectricOIL. 
 
 
 
Figure 4.11: Experimentally measured 
singlet oxygen yield as a function of 
pressure for the quartz 1.6 cm ID six-tube 
array geometry (1.6 cm gap) and the 5.2 cm 
/ 3.8 cm concentric geometry (7 mm gap).  
Both discharge geometries are 50 cm in 
length.   Flow conditions: 45 mmol/s of 
oxygen, 150 mmol/s of helium, and 0.3 
mmol/s of nitric oxide.  RF Power ~4500 W. 
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4.3 Relative concentrations of O2(a), O-atoms, O2(b), and O3 
 The computational modeling discussed thus far has assumed the significance of O2(b) 
and O3 to be small.  Woodard
[4.1] measured the concentrations of each 48 cm downstream of a 
1.9 cm OD (1.6 cm ID) quartz discharge tube flowing 7.5 mmol/s of oxygen, 25 mmol/s of 
helium, and varying amounts of nitric oxide.  The measurements were made 48 cm 
downstream, rather than at the discharge exit due to electromagnetic interference with the 
diagnostics and broadband emissions convoluting spectra close to the discharge exit. 
 Figures 4.12 (a) and (b) illustrate Woodard’s finding that under the flow conditions 
described, and characteristic of ElectricOIL at 50 Torr, nitric oxide reduces ozone concentrations 
to less than 0.02% of initial oxygen flow rate.  Furthermore, 48 cm downstream at 50 Torr, 
O2(b) is approximately one order of magnitude less than O2(a), O-atoms are approximately two 
orders of magnitude less than O2(a), and ozone is still another order of magnitude less.  While 
the rate constants for some processes involving O2(b) and ozone
[4.5] are reasonably fast, taking 
into consideration the concentrations involved, the calculated rates are small compared to 
competing processes.  Thus, the reduced reaction set employed thus far to identify general 
parameters to facilitate scaling of ElectricOIL is judged to be adequate. 
          
Figure 4.12: (a) Ozone fraction vs nitric oxide flow rate, and (b) density of O2(a), O2(b), O-atoms, 
and O3 vs pressure.  Single 1.9 cm OD (1.6 cm ID) quartz discharge tube with 7.5 mmol/s of 
oxygen, 25 mmol/s of helium and varying nitric oxide.  RF Power ~830 W.  Diagnostic located 48 
cm downstream of discharge exit. [4.1] 
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 A more in-depth analysis of EOIL discharge related topics, including other embodiments 
of the ElectricOIL DSOG, can be found in the doctoral dissertations of Woodard[4.1] and 
Zimmerman[4.4]. 
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5.0 Species and thermal energy regulation (STER) 
 The following chapter discusses investigations into species and thermal energy 
regulation (STER) of a discharge singlet oxygen generator (DSOG) effluent.  Considerable 
literature exists on the topic of oxygen-iodine lasers, however an assumption of chemically 
generated O2(a) has become nearly ubiquitous.  DSOG effluent is characteristically different 
than that of a CSOG, including significant power deposition into other oxygen states as well 
as bulk heating.  DSOGs also lack species inherent to CSOGs including chlorine and water.  
Though several investigators are attempting to better understand DSOG kinetics and how to 
optimize an EOIL discharge for peak O2(a) production, little attention has been given to how 
best to address the post-discharge effluent for high power extraction efficiency.  Early 
ElectricOIL experiments at the University of Illinois showed that detailed studies addressing 
the management of EOIL effluent, including materials-effluent interactions, were required 
in order to successfully provide a kilowatt class laser. 
 This chapter summarizes DSOG effluent species and thermal energy regulation 
research conducted during this work.  These investigations have played a crucial role in 
addressing the potential of EOIL technology, with gain and laser power improving by two 
orders of magnitude since the onset of this work. More specifically, research conducted to 
reduce O-atom populations and thermal energy, while conserving singlet oxygen are 
presented in this chapter. 
 
5.1 Evaluation of O-atom surface recombination 
 In Chapter 2, the benefits of volume recombination, including the addition of nitric 
oxide, were revealed using a simplified kinetic model (SKM) considering a handful of the 
most relevant EOIL reactions.  This model will be expanded upon in this Chapter and used to 
support experimental results. 
 In this section, the effect of physical boundaries is considered on oxygen atom 
population.  Surface recombination is shown to provide a significant opportunity for 
regulating oxygen atom population. 
96 
 
 In order to include wall recombination of oxygen atoms in the simplified kinetic 
model, a straight forward method of estimating wall impacts multiplied by a probability of 
recombination has been applied.  The model is fit to experimental data to show that the 
rate of wall recombination is sufficient to explain a discrepancy between O-atom population 
predictions without recombination and experimental results.  Quartz walls are the baseline 
material in most computational and experimental studies, though alternative materials are 
later considered and their corresponding newly measured rates are reported.  All kinetic 
reactions and rates described in Chapter 2 are included.  The numerical results are 
compared against an experimental setup of a 5 cm diameter quartz tube flowing 10 mmol/s 
of oxygen, 33 mmol/s of helium, and 0.15 mmol/s of nitric oxide.  Both the experiment and 
numerical results consider cases at 20, 30, and 50 Torr.  Bulk gas temperature is assumed to 
vary linearly with distance along the length of the quartz tube using temperatures of 300 K, 
650 K, and 450 K for locations at the discharge entrance, discharge exit, and 50 cm 
downstream of the exit, respectively. 
 To determine if the flow is diffusion limited, resulting in an oxygen atom density 
gradient limiting wall recombination, the characteristic time for diffusion, tdiff = R
2/D, is 
compared to the wall recombination time, 
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( / 4)2
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N R dx R
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
  
  , (5.1) 
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, (5.2) 
R is the tube radius, N is the concentration of oxygen atoms,  is the probability of 
recombination, v is the average thermal velocity, kB is the Boltzmann constant, T is the bulk 
gas temperature, and m is the mass of an oxygen atom.  Setting them equal to each other, 
radial concentration gradients will only be eliminated if the characteristic time for diffusion 
is much faster than the time for recombination[5.1], 
 
2 2R R
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 . (5.3) 
97 
 
The temperature dependent diffusion coefficient for an oxygen-helium mixture is 
approximated from Marrero[5.2] using data for a neon-helium mixture by virtue of a similar 
atomic masses between oxygen and neon, 
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, (5.4) 
where P is the local gas pressure in atmospheres. 
 The recombination probability for an oxygen atom wall collision on quartz is 
generally accepted[5.1],[5.3]  to be around 6.5×10-4 at room temperature.  Pagnon[5.4] provides 
a temperature dependency, however offers a room temperature value four times greater 
than generally accepted.  The temperature dependency determined by Pagnon has been 
reduced by a factor of four here with good results,  
 1780/0.245 Te  , (5.5) 
better matching the more generally accepted room temperature rate.  This expression for 
the temperature dependency is in fair agreement with a compilation of recombination data 
compiled by Nguyen[5.5].  The resulting approximations of relaxation times for diffusion and 
recombination of oxygen atoms has been tabulated in Table 5.1 for a handful of cases 
relevant to ElectricOIL.  For the 300 and 600 K flow cases, the wall temperature is assumed 
to be 300 and 450 K, respectively. 
Table 5.1: Comparison of relaxation time for diffusion and wall recombination time for 
various geometries and flow conditions characteristic of ElectricOIL. 
  
Temperature [K] Diameter [cm] Pressure [Torr] D [cm2/s] n  R
2/D 2R/n trec/tdiff
300 5 20 42 6.3E+04 6.62E-04 0.15 0.120 0.8
300 5 30 28 6.3E+04 6.62E-04 0.22 0.120 0.5
300 5 50 17 6.3E+04 6.62E-04 0.37 0.120 0.3
300 1.75 20 42 6.3E+04 6.62E-04 0.02 0.042 2.3
300 1.75 30 28 6.3E+04 6.62E-04 0.03 0.042 1.5
300 1.75 50 17 6.3E+04 6.62E-04 0.05 0.042 0.9
300 0.25 50 17 6.3E+04 6.62E-04 0.00 0.006 6.5
600 5 20 137 8.9E+04 4.79E-03 0.05 0.012 0.3
600 5 30 91 8.9E+04 4.79E-03 0.07 0.012 0.2
600 5 50 55 8.9E+04 4.79E-03 0.11 0.012 0.1
600 1.75 20 137 8.9E+04 4.79E-03 0.01 0.004 0.7
600 1.75 30 91 8.9E+04 4.79E-03 0.01 0.004 0.5
600 1.75 50 55 8.9E+04 4.79E-03 0.01 0.004 0.3
600 0.25 50 55 8.9E+04 4.79E-03 0.00 0.001 2.1
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 An assumption of radially uniform O-atom concentration within the ElectricOIL 
discharge and transport tubing seems poor.  The diffusion times are about equal to or 
slower than the recombination times computed in Table 5.1, violating the condition of 
Equation 5.3.  Thus, the recombination rate for O-atoms is very likely diffusion limited in 
most cases relevant to ElectricOIL.  The assumption of uniform density begins to have merit 
for tube sizes on the order of 0.25 cm or smaller at room temperature.  The smaller scale 
will become relevant later during the discussion of STER methodology and techniques 
developed during this work.  The repercussion of assuming the flow is not diffusion limited 
for flow sections of larger scale and higher temperature is an over-estimate of oxygen atom 
recombination. 
 The rate coefficient for wall recombination, assuming a radially uniform flow, is 
estimated by, 
 1, [ ]
2
Wall
v
k s
R
  , (5.6) 
Equation 5.6 is easily found by setting the recombination rate of the bulk fluid equal to the 
wall reaction rate, both over a finite length, 
 2[N]( ) 2Wall Wallk R dx Z Rdx   , (5.7) 
where ZWall is the wall collision frequency,  
 
[ ]
4
Wall
N c
Z  . (5.8) 
 Given that recombination is limited by diffusion in many cases relevant to EOIL, the 
correction described by Wayne[5.6] for radial diffusion effects in a tube of cylindrical cross-
section is applied.  Equation 5.6 becomes 
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 Figures 5.1 (a) and (b) illustrates fits of the computational model to laboratory 
oxygen atom decay measurements.  Wall temperatures are assumed to be 500 K in the 
discharge and 400 K downstream.  Estimates of electron temperature and density were 
varied within ranges characteristically described by Zimmerman[5.7] for similar ElectricOIL 
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conditions.  The best fits achieved assuming no surface recombination are shown in Figure 
5.1 (a).  While 30 and 50 Torr data can be fit somewhat adequately, notice that at 20 Torr, 
the modeled decay is nearly linear and a poor fit to experimental data.  By adding wall 
recombination, Figure 5.1 (b), all three pressures are fit with the correct asymptotic decay.  
While a volume recombination process, not yet accounted in this model, may explain the 
data, wall recombination has the correct order of magnitude rate. Additionally, given the 
observation that the 5 cm diameter flow tubes limit recombination by diffusion, it is 
reasonable to expect the lower pressure data to be more greatly influenced by surface 
recombination, where the characteristic time for diffusion becomes faster.  Thus, ignoring 
the effects of surface recombination would logically put the lower pressure data in greater 
error as observed in Figure 5.1 (a), giving merit to an argument that surface effects are not 
always negligible in EOILs and thus potentially a tool useful for O-atom regulation. 
  
Figure 5.1: Numerical fits to experimental oxygen atom density measurements in a flow of 
10 mmol/s of O2, 33 mmols/s of He, and 0.15 mmols/ of nitric oxide at varying pressures in 
a 5 cm OD quartz tube assuming (a) no wall recombination and (b) a temperature 
dependent wall recombination assuming radially uniform O-atom density.  Model: SKM.  
 These observations lead to two important conclusions.  One, oxygen atom wall 
recombination is diffusion limited given typical length scales, pressures, and temperatures 
of ElectricOIL discharges and cavities, and thus length scales must be reduced to make best 
use of surface recombination.  Two, consideration of wall recombination in analytic 
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modeling appears to explain experimental results, concluding that surface recombination is 
significant in ElectricOIL, even in diffusion limited circumstances. 
 These results encouraged further research targeted at purposefully harnessing wall 
recombination to regulate oxygen atoms.  Questions of length scale and material are both 
considered with results discussed later in this Chapter.  Tradeoffs to harnessing physical 
boundaries to tailor oxygen atom populations have been considered, including pressure loss 
and quenching of O2(a). 
 The next section addresses thermal energy regulation.  As this chapter advances, it 
will become progressively more obvious why this work has led to a conclusion that to 
efficiently regulate species populations and thermal energy, they should be managed in 
combination, rather than as individual subsystems. 
 
5.2 Distribution of energy in the ElectricOIL DSOG 
 The production of O2(a) occurs predominantly by electron impact with ground state 
oxygen.  As a consequence, energy is simultaneously deposited elsewhere through 
vibrational excitation, electronic excitation, dissociation, ionization, and elastic collisions.  
The result is a very kinetically active flow and a nontrivial increase in thermal energy in the 
bulk fluid.  Figure 5.2, generated using the Blaze-V electrodynamics-fluids-laser model, 
illustrates the power deposition into 7.5 mmol/s of oxygen, 25 mmol/s of helium, and 0.1 
mmol/s of nitric oxide with 833 Watts of input power at 50 Torr.  These conditions are 
representative of the flow through one of six identical 1.9 cm (0.75 inch) outside diameter 
quartz flow tubes, one of a number of discharge units investigated during the development 
of the 6th Generation ElectricOIL, Figure 5.3.  Each discharge electrode is 50 cm in length.  A 
short pre-ionization discharge is shown in Figure 5.3, in addition to the 50 cm primary 
discharge.  The pre-ionizer helps maintain uniform energy deposition between all six tubes, 
however it is low power and contributes insignificantly to populating higher energy levels 
and is therefore ignored in calculations using the Blaze-V model.  The numerical results 
assume a constant wall temperature of 400 K along the tube length. 
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 It is clear from the results in Figure 5.2 that cooling of the discharge walls, either 
through convection and/or conduction effectively extracts much of the thermal energy 
generated in the process of discharge production of O2(a).  The Blaze-V model predicts that 
about 50% of the energy is transported out of the system through discharge cooling.  Of 
greater relevance to the topic of this chapter, bulk heating of the gaseous mixture 
represents the second largest deposition of energy, resulting in a significant net positive 
DSOG heat flux.  Production of singlet oxygen is the third most significant energy absorber 
with about 12% of the power predicted to be captured in O2(a).  Finally, a lesser, yet still 
considerable amount of power is invested in the dissociation of oxygen and production of 
the singlet sigma oxygen state.  The O2(b) state will briefly be considered at the end of this 
chapter, but is not given special attention given its relatively low concentration. 
 
 
 
Figure 5.2: Power deposition at 13.56 
MHz and 50 Torr into 7.5 mmol/s of 
oxygen, 25 mmol/s of helium, 0.1 mmol/s 
of nitric oxide. The discharge is 
representative of a 6th Generation 
ElectricOIL discharge with 1.9 cm (¾”) OD 
quartz tubes as illustrated in Figure 5.3.  
Model: BLAZE-V. 
  
 While nitric oxide and discharge surface recombination regulate production of 
atomic oxygen, a large population of O-atoms still exit the DSOG, carrying considerable 
excess potential energy, in addition to quenching of O2(a).  Furthermore, recombination of 
O-atoms, post-discharge, results in a net increase in bulk flow temperature downstream.  
Thus, managing thermal energy to optimize power extraction efficiency at 1315 nm, as 
discussed in Section 2.2.3, fundamentally implies addressing O-atom populations, which 
ultimately contribute to defining the flow temperature in the optical cavity. 
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Figure 5.3: Six-tube ¾-inch OD quartz 
discharge array with two 50 cm long 
parallel plate 13.56 MHz capacitive 
discharges.  Total flow rate 45 mmols/s of 
oxygen, 150 mmol/s of helium and 0.5 
mmol/s of nitric oxide.  The discharges are 
convectively (fan) cooled.  A 15 cm pre-
ionizer is shown upstream to improve 
power deposition uniformity in the 
primary discharge region. 
  
5.3 Simultaneous management of oxygen atom population and thermal energy 
 A consequence of observing that oxygen atom recombination may be assisted by 
reducing length scales, while simultaneously observing the relationship of O-atoms to flow 
temperature, is the conclusion that both species and thermal energy regulation may be 
integrated efficiently into a common STER methodology, and ultimately a single piece of 
physical hardware.  A common device of appropriate scale permits not only space and mass 
efficiency, but can also more closely couple the flowing media between the discharge and 
optical cavity.  It has been determined in this work that early ElectricOIL devices suffered 
from long residence times between the discharge and optical cavity for the reason of 
convective cooling.  A reduction in this residence time diminishes the impact of volumetric 
and surface O2(a) loss processes, including quenching by O-atoms or O2(a) pooling.  
Compacting of the ElectricOIL device also benefits long-term goals of scaling the ElectricOIL 
device to multi-kilowatt scales to further its competitiveness with the classical COIL 
systems.  As such, numerous experiments have been conducted to ascertain the 
appropriate length scales of STER devices to reduce oxygen atom concentrations by 
approximately one order of magnitude in the post-discharge and to simultaneously reduce 
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discharge effluent temperature to near 300 K.  The next step was to develop a flow model 
to predict the impact of length scale on heat transfer and pressure loss. 
 
5.3.1 Analytic modeling of pressure and temperature drop in a STER test section 
 Results discussed in Section 5.1 have already predicted length scales of 0.25 cm as 
sufficient to achieve approximately a non-diffusion limited recombination process for 
typical ElectricOIL geometries and flow conditions.  For a given pressure and temperature, 
such a length scale will provide the greatest rate of surface recombination.  To similarly 
estimate a physical scale for a STER device to achieve desired discharge effluent 
temperature reductions, a simple analytical model was developed to predict the heat 
transfer and pressure drop in a circular duct array, Figure 5.4. 
 First, an analytical exercise found that the gas flow in a circular duct, given typical 
flow conditions of EOIL, is simultaneously developing.  In other words, the thermal 
boundary layer and viscous boundary layer grow at approximately the same rate, limiting 
the use of simple analytical solutions. 
 Fortunately, forced convection through a circular duct is a fairly well researched 
subject.  Shah and London[5.8] provide an in depth review of computational and 
experimental studies resulting in empirical expressions suitable for iteratively predicting 
heat transfer and pressure drop for various geometries applicable to ElectricOIL.  For the 
sake of conciseness, the greater details of the model will not be discussed here, but instead 
the reader is referred to reviews by Shah and London[5.8] as well as Rohsenow[5.9]. 
 The results of the investigation lead to using an expression for Nusselt number, 
developed by Churchill[5.8], for a simultaneously developing flow in a cylindrical duct, 
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where x* is a non-dimensional length.  Nusselt number is a non-dimensional ratio of 
convective to conductive heat transfer at the boundary of a fluid.  The expression is valid for 
Prandtl numbers in the range of 0.7 - 5, reasonable for ElectricOIL studies. The Nusselt 
number, with some corrections applied, ultimately leads to a heat transfer coefficient. 
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 The pressure loss is approximated by assuming a hydrodynamically developing flow.  
Shah and London[5.8] suggest the non-dimensional expression for pressure loss 
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where x+ is a non-dimensional length. 
 The analytical model was iteratively solved and verified by comparing with 
experimental data collected on five ElectricOIL flow sections illustrated in Figure 5.4.  
Simultaneously O2(a) and O-atom data were collected to evaluate the validity of predicted 
effects of length scale on recombination and O2(a) quenching. 
 
Figure 5.4: Circular duct STER configurations in Al 6061-T6.  Each test section is 3.5 inches 
long and ¾” outside diameter.  Cooling water at 285 K is circulated in a jacket around each. 
 The flow sections, consisting of tubular ducts of progressively smaller scales, were 
installed in an apparatus as shown in Figure 5.5.  A converging conical profile was applied to 
the entrance of each test section to reduce the effect of direct impingement of the 
discharge effluent on an obstructing surface.  The discharge consists of 25 cm (10-inch) long 
parallel plate capacitive 13.56 MHz electrodes placed across two 1.9 cm (3/4-inch) outside 
diameter quartz tubes.  The rf power supply was set to 800 Watts for all cases. 
 
Figure 5.5: STER experimental setup. 
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 A flow comprising 20 mmol/s of oxygen, 66 mmol/s of helium, and a small quantity 
of nitric oxide, on the order of 0.25 mmol/s, is premixed and divided between two ¾” OD 
quartz tubes.  The discharge effluent passes through the two ¾” OD water-cooled STER test 
sections and then exhausts into a 2” OD Pyrex tube.  The gas temperature at the end of the 
discharge region, just prior to the STER test section, is determined from the O2(b) rotational 
spectral emission at 762 nm.  The detector is repositioned at each of the diagnostic blocks 
to take additional O2(b) emission immediately downstream of the test sections and 
considerably farther downstream where the gas has diffused to become approximately 
uniform in the observation block.  An OMA with a 0.3 m Acton monochromator and a 600 
g/mm grating blazed at 1 μm was used for measurements of O2(a) at 1268 nm.  
Measurements of O2(a) were made exclusively at the 2
nd downstream diagnostic block 
where a more uniform flow existed.  Ideally, measurements of both O2(a) and O2(b) would 
be made immediately following the test section, however the NO2* broadband emission at 
this location, and the geometry of the exhausting gas jets, makes measurements 
immediately downstream of the test section highly complex.  The 18” long Pyrex tube 
provides sufficient distance for the NO2* broadband emission to become insignificant 
compared with the O2(a) and O2(b) intensities as well as permits the gas to fully diffuse to 
ensure flow uniformity and consistency between cases. 
 The O2 dissociation fraction was determined using NO2* emission (air afterglow) at 
the second diagnostic block.  The broadband emission of NO2* was measured using a 
Hamamatsu R955 photomultiplier with a narrowband 580 nm filter and a 50 mm focal 
length collection lens.  The O-atom concentration (and equivalently the O2 dissociation 
fraction) was determined from NO2* using the method described by Piper as discussed in 
Chapter 3. 
 The data compared in Figures 5.6 (a) and (b) show good agreement with analytic 
calculations for temperature and pressure drop across the various test sections.  Not 
surprisingly, the test section with the greatest number of ducts, and also the smallest length 
scales, resulted in the greatest temperature and pressure drop.  As length scales become 
progressively smaller temperature drop tends to exponentially improve, approaching the 
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temperature of the coolant.  A similar increase in pressure loss is observed.  A length scale 
of the approximately 0.25 cm diameter ducts provides an attractive result of greater than 
200 K reduction in flow temperature.  However, the associated pressure drop is high at 
about 10 Torr, or approximately 20% of the total pressure. 
 The pressure loss can be mitigated in a few ways.  One, the number of ducts may be 
increased, reducing the mass flow rate through each duct.  Two, the temperature of the 
coolant may be decreased using one of many coolants capable of temperatures significantly 
below 0 degrees C.  A decrease in flow temperature reduces pressure drop by reducing flow 
velocity.  A proportional temperature dependence to pressure drop is mathematically 
represented by Equation 5.12, where P* is the non-dimensional pressure change found 
from equation 5.11. 
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Figure 5.6: Comparison of analytical estimates and experimental measurements for (a) 
temperature drop and (b) pressure drop across STER test sections of varying length scale.  
Flow rates of 20 mmol/s of oxygen, 66 mmol/s of helium and 0.25 mmol/s of NO divided 
between two 1.9 cm OD quartz discharge tubes feeding two test sections. Input 
temperature to test sections was held at ~575 K.  Exit pressure was held at ~43 Torr. 
Finally, the test section can be shortened to reduce the total pressure drop.  In combination 
with employing a lower temperature coolant, shortening the STER test section can provide 
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the same thermal energy reduction while mitigating the pressure loss penalty.  Many of 
these pressure loss mitigation techniques, assisted by the empirical model, were utilized in 
determining optimal scale for an ElectricOIL STER device discussed in Section 5.3.3. 
 While the analytical results and data in Figure 5.6 are comparable, potential error 
does exist.  The experimental error on T from O2(b) may be as great as plus or minus 30 
degrees K.  It is hard to accurately determine the temperatures from the O2(b) spectra due 
to interference from strong NO2* emissions.  Some error also exists with the experimental 
pressure measurements related to the location of the pressure transducers, but the error is 
believed to not exceed about plus or minus 0.25 torr.  Regardless, for purposes of the study, 
the model and data are in reasonable agreement. 
 In the next section, the O-atom recombination and O2(a) quenching data taken with 
the test sections illustrated in Figure 5.4 is considered. 
 
5.3.2 O-atom recombination and O2(a) quenching in a STER test section 
 It is hypothesized in this work that to achieve efficient recombination of oxygen 
atoms given limited residence time between a DSOG and optical cavity, the surface 
recombination time as defined in Section 5.1 should approximately equal the characteristic 
time for diffusion.  By varying the physical scale of the test sections illustrated in Figure 5.4, 
keeping all else equal, this theory was evaluated. 
 To ensure comparable data, the pressure in the downstream Pyrex tube was 
maintained between 42 and 43 torr, while the discharge pressure was allowed to vary 
based on each test sections unique pressure loss.  Since decay of the various oxygen species 
is pressure dependent, the pressure downstream of the test section must be maintained to 
ensure consistent decay between the test section exhaust and second diagnostic block for 
all geometries.  While the testing apparatus was insufficient to monitor oxygen species 
concentrations at the test section exit, by maintaining a consistent downstream 
environment, relative changes in species concentration between test sections could still be 
made at the second diagnostic block, where species measurements became feasible.  
Discharge O2(a) and oxygen atoms yields were confirmed to be reasonably constant for the 
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discharge pressure range of interest, thus not a factor in interpreting results.  The exit 
temperature variation between geometries results in some error between cases as many 
key rates are temperature dependent with the hotter flows experiencing greater decay.  
However, the thin-walled aluminum tube, with the greatest length scale and highest exit 
temperature (experiencing the most decay) appears in Figure 5.7 to have the highest O-
atom populations downstream.  Thus the results are if anything conservative in nature. 
         
Figure 5.7: Comparison of experimental measurements for (a) O2 dissociation fraction and 
(b) O2(a) yield downstream of STER test sections of varying scale. 
 
 Figure 5.7 (a) illustrates that increasing the number of ducts and reducing the 
characteristic time for diffusion results in more recombination.  Figure 5.7 (b) shows that 
while some variation occurs in the O2(a) yield as a result of changes in length scale, the 
impact is marginal compared with the considerable reduction in O-atoms.  The result 
implies that while O-atoms have a significant probability for recombination on aluminum, 
O2(a) has a small probability for quenching.  However, O2 also diffuses slower to the walls 
than O-atoms, resulting in fewer surface collisions.  Results in Section 5.4.2 lead to the 
conclusion that it is some combination of both factors.  Regardless, in the worst case, the 
yield drops from around 9.4% to 8.2% at 2000 Watts, yet the test section reduces O-atoms 
by an order of magnitude.  This is a highly promising result for the fundamental intent of 
this work to develop tools to reduce O-atom concentration and thermal energy flux without 
significantly impacting O2(a) concentration. 
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 Recall that the Mach 2 supersonic optical cavity has the ability to drop the flow 
temperature by approximately a factor of two.  Assuming a STER device drops the 
temperature from 600 K to 300 K, this results in an optical cavity temperature drop of 
around 300 K to 150 K.  Given that the threshold yield for optical transparency drops from 
16% at room temperature to 4% at 150 K, results in 8% of O2(a) as extractable energy 
assuming a 12% discharge yield.  The logic of integrating a single STER device that provides 
considerable temperature reduction, while eliminating an order of magnitude in the 
population of O-atoms, and only costing one percent O2(a) yield in the process, becomes 
apparent.  Without some form of temperature reduction, positive gain and lasing would not 
even be achieved, let alone maximized. 
 Returning to the O2(a) yield data presented in Figure 5.7 (b), it makes sense that the 
O2(a) yield is shown to increase slightly at the second diagnostic block when switching 
between the thin-walled tube to the 4-duct layout.  The 4-duct layout provides a significant 
reduction in O-atom concentration in the flow, which in turn results in less O2(a) decay from 
collisions with O-atoms while transiting between the two diagnostic blocks.  In short, more 
of the O2(a) leaving the test section is surviving to reach the second diagnostic block than 
would occur with the thin-walled tube, which has an exit flow with considerably more O-
atoms.  Going from the 4-duct layout to the 7-duct or 16-duct layout results in only 
moderately fewer O-atoms in the flow, while likely resulting in greater surface deactivation 
of O2(a).  Thus, the variation in O2(a) yields presented in Figure 5.7 (b) is likely a convolution 
of a variation in surface losses between geometries, impact of varying O-atom 
concentrations on volumetric quenching, and some measurement error.  Regardless, the 
relative consistency of the yields proves that the impact of the STER on O2(a) is sufficiently 
small to justify the single device approach suggested for both species and thermal energy 
regulation. 
 In the next section, observations made thus far are utilized to prove the scalability of 
the method.  The resulting experiment is implemented with the 6th Generation ElectricOIL 
cavity.  Section 5.4 will then step back to justify why aluminum was selected as the base 
material for these experiments and how other materials affect performance. 
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5.3.3 Validation of STER methodology using the 6th Generation ElectricOIL device 
 Utilizing the above results, a STER device for the 6th Generation ElectricOIL Cavity 
(CAV6) was investigated and fabricated.  Henceforth, the designation STER-6A shall be 
utilized. STER-6A was fabricated in aluminum 6061-T6 as a unibody design.  The material 
choice shall be explained later.  A unibody design was implemented for STER-6A following 
initial work with CAV3 and CAV4 systems where two piece STER assemblies indicated that 
thermal contact resistance between the two parts severely hindered the designs from 
achieving expected temperature reduction, even with the addition of thermally conductive 
compounds.  Furthermore, while thermal compounds provided some benefit, introducing 
any such compound increases risk of contamination to the lasing media.  The switch to a 
unibody design provided a substantial improvement in temperature reduction over early 
designs. 
 The core of the STER-6A design is shown in Figure 5.8.  The device is constructed 
with 112 channels, each 0.32 cm in diameter and 9 cm long.  A double-tapered entrance 
reduces direct impingement of the flow on remaining surfaces.  Coolant flows through 45 
cross-flow channels also 0.32 cm in diameter. 
 The STER-6A was designed with insulating thermoplastic side walls on all 6 sides to 
isolate the device from convection to the surrounding environment and conduction to the 
discharge tube and CAV6 housing.  The only openings in the insulation are for the gas flow 
and coolant.  The insulation is constructed using either PTFE or PEEK.  Contact resistance 
and air gaps were integrated into the design to further aid in thermal isolation.  While not 
fundamentally necessary for the operation of the laser, the thermal isolation was carefully 
incorporated to ensure that measurements of the coolant heat flux could be directly 
correlated to the heat flux of the discharge effluent passing through the STER.  Testing 
indicates that the insulation provided good thermal isolation as intended.   
To measure the heat transferred out of the primary flow and into the coolant (initially 
just tap water) T-type thermocouples were mounted in the input and exit cooling line.  The 
water flow rate was continuously measured with a turbine style liquid flow meter. 
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Figure 5.8: (Left) STER-6A core with 112 x 
9 cm long cooling channels, each 0.32 cm 
diameter.  Fabricated in Al 6061-T6.  
Double tapered entrance to ease 
transition of flow from 7.5 cm x 2 cm tall 
discharge channel, reducing direct 
impingement on surfaces. (Below) STER-
6A integrated between discharge and 6th 
Generation ElectricOIL cavity.  Shown with 
thermoplastic insulation plates on 
exterior. 
  
The heat flux of the coolant was calculated by 
 2 ,H2O 2H O P H OCoolant Heat Flux m C T  , (5.13) 
where m  is the mass flow rate of water, PC  is the specific heat of water, and T is the 
difference in water temperature between the input and exit fittings on the heat exchanger.   
 The heat transferred into the coolant is contrasted with the discharge effluent heat 
flux calculated by estimating the flow temperature before and after the heat exchanger 
from O2(b) spectra.  The effluent heat flux is similarly calculated by 
 ,HeOx P HeOx HeOxGasHeat Flux m C T  , (5.14) 
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where m  is the mass flow rate of oxygen and helium, PC  is the average temperature 
dependent specific heat of the oxygen-helium mixture, and T is the temperature 
difference across the heat exchanger determined from the O2(b) spectra.   
 The scale of the channels selected in design of STER-6A was based on the earlier 
result that an approximately non-diffusion limited flow was desirable to optimize 
compactness of the device and provide for future scalability.  The channel diameter scale 
was decided at 0.3 cm (0.125 inches), the number of channels were maximized to fit an 
available 2.5 cm x 7.5 cm cross section on the CAV6 laser.  The number of tubes were 
optimized at 112 in a staggered pattern.  The remaining variable to define was channel 
length to achieve the desired output temperature of approximately 300 K.  The 
temperature and pressure drop analytic model described in Section 5.3.1 was applied, 
resulting in an estimate as a function of STER channel length summarized in Figure 5.9.  
Experimental measurements made with the STER-6A in CAV6 are also shown in Figure 5.9, 
demonstrating good agreement with the analytic methods utilized. 
 
 
Figure 5.9: Calculated exit temperature 
and pressure drop for a 112 channel, 0.3 
cm OD per channel, STER device assuming 
550 K input temperature and 300 K wall 
temperature.  Flow rates assumed are 
nominal for the 6th Generation ElectricOIL 
Cavity with 45 mmol/s of oxygen, 150 
mmol/s of helium, and 0.15 mmol/s of 
nitric oxide at 50 Torr.  Experimental 
measurements made with STER-6A show 
good agreement. 
 A 9 cm duct length predicts an exit temperature of 312 K, or T of 238 K, with an 
associated pressure loss of 6.25 Torr.  Figure 5.10 gives results from the simplified kinetic 
model using a surface recombination rate for aluminum discussed later.  The predicted O-
atom population at the exit is 90 percent of the input, in-line with desired attributes for 
STER-6A. 
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Figure 5.10: Calculated O-atom fraction 
for a 112 channel, 0.3 cm OD per channel, 
STER device assuming 550 K discharge exit 
temperature and 350 K STER interior wall 
temperature.  Flow rates assumed are 45 
mmol/s of oxygen, 150 mmol/s of helium, 
and 0.15 mmol/s of NO at 50 Torr.  
Model: SKM. 
 Measuring the actual O-atom population at the exit of STER-6A was not feasible 
once integrated into CAV6.  However, an estimate can be made by considering the effluent 
and coolant heat fluxes through the STER as provided in Figure 5.11.  The coolant heat flux 
measurements are considerably greater than the gas flow heat flux.  This can be explained 
by recalling that active oxygen species, primarily O-atom recombination, are thermalized 
while passing through the STER device.  The process of 
 2 5.1eVO O Wall O Wall     , (5.15) 
results in the recovery of 5.1 eV invested in dissociation of oxygen.  Because recombination 
takes place on the interior surface, the energy released is largely absorbed by the wall[5.10].
  
Figure 5.11: Comparison of measured 
gaseous and coolant heat fluxes through 
STER-6A.  The gaseous heat flux is 
calculated from temperature estimates 
immediately upstream and downstream 
of STER-6A based on O2(b) spectral 
measurements.  Coolant heat flux is 
calculated from thermocouple probes 
located in the entrance and exit manifolds 
of STER-6A.  The difference in heat flux is 
the result of primarily O-atom 
recombination, followed by quenching of 
other active oxygen species. 
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 Making the assumption that the discrepancy between the two heat fluxes is largely 
due to oxygen atom recombination on the STER walls, and noting that experiments 
discussed in Section 5.3.2 indicated approximately 90% of oxygen atoms are recombined, 
given the scale of STER-6A channels, an estimate of the dissociation fraction is  
 FluxHeatFluxPowerCoolant
eVee
s
mols
RateFlowO
FractionDissoc 









90.0
1
*
1.5*19602.1*2302.6
][
.
1
2
. (5.16) 
 The estimated dissociation fraction is plotted in Figure 5.12.  Credibility can be given 
to the estimate as correct order of magnitude by comparing the result to the experimental 
data illustrated in Figure 5.1 at 50 Torr, a short distance downstream of the discharge exit. 
 
 
 
 
Figure 5.12: Estimated dissociation 
fraction assuming the difference in energy 
flux between the coolant and gas flow 
(Figure 5.11)  is associated with a 90% 
reduction in oxygen atoms due to 
recombination on STER walls. 
 
 These results exemplify why species regulation, particularly for exothermic 
processes, are most efficiently handled in conjunction with thermal regulation of the lasing 
media.  Combining these two ElectricOIL processes allows thermalized energy resulting 
from active oxygen species recombination and quenching to be expelled from the system 
highly efficiently, while simultaneously minimizing quenching of the critical O2(a) species.  
The approach keeps the lasing system compact, reducing transport time between the 
discharge and optical cavity, and reduces system complexity, an important factor as these 
devices become more powerful.   
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5.4 Effect of surface material choice on species and thermal regulation 
 A single device that incorporates species and thermal energy regulation must have 
certain basic attributes to be useful in EOILs.  First and foremost, singlet oxygen populations 
should be minimally effected while transiting the device.  Two, oxygen atom populations 
should be significantly depleted.  Three, the device should have good thermodynamic heat 
transfer characteristics to effectively reduce flow temperature.  Finally, four, the material 
should provide good corrosion resistance to active oxygen, nitric oxide, and iodine.  It is 
easiest to first address thermal characteristics and corrosion resistance, then follow with a 
discussion of surface recombination, and finally address singlet oxygen quenching. 
 Effective heat transfer from the gaseous media to a coolant can be optimized by 
many means.  While ElectricOIL is a fundamentally young technology, heat exchangers have 
a long and well researched history.  To remain concise, heat exchanger fundamentals will 
not be discussed here as there is already a large volume of literature on the subject.  
However, the material of construction and possible surface treatments and coatings shall be 
addressed given they have not been rigorously evaluated for EOILs. 
 Given a boundary must exist between the lasing media and coolant, a surface 
material with good thermal conductivity is desirable.  Some materials may be allowed poor 
thermal conductivity assuming they offer good strength and low brittleness, allowing very 
thin walls.  In general, however, these requirements limit useful materials to metals and 
some ceramics.  Some thermal plastics may also be of interest to EOIL construction in 
general, yet a STER device has been determined here to be most optimally located closely 
coupled to the DSOG to reduce time for singlet oxygen quenching and improve overall 
scalability.  Given that DSOG effluent temperatures are generally 550 to 700 K, plastics are 
largely eliminated for this application. 
 Countless metals and metal alloys exist with a sufficiently high thermal conductivity 
to meet the needs of ElectricOIL.  For example, copper, silver, gold, aluminum, brass, and 
nickel, all have adequate properties, though some are clearly better thermal conductors 
than others.  Even stainless steel and titanium, having generally poor thermal properties, 
may make decent EOIL heat exchangers given sufficiently thin walls. 
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 Iodine, however, reacts strongly with most substances.  Materials such as 304 and 
316 stainless steel, Inconel, hastelloy, and others have proven potential under long term 
exposure to iodine.  Though they still react with iodine, albeit slowly.  Many metals can also 
be treated with one of various processes including passivation, ceramic coating, or Teflon 
coating.  While Teflon coating provides benefit to many ElectricOIL applications, again 
temperature in the STER limits its application.  Ceramic coatings are a useful first layer of 
protection, but are prone to scratching and/or cracking, and thus implemented in 
ElectricOIL primarily to extend life, not as the sole source of corrosion resistance.  Glass 
coating of stainless steels, Inconel, hastelloy and other low thermal expansion materials has 
proven useful in this work to improve durability.  Materials such as copper, brass and 
aluminum with high thermal expansion coefficients result in poor glass coating quality as 
the coatings often occur at high temperature and crack as the base metal cools and shrinks. 
 Selecting suitable materials for STER construction and other EOIL subsystems in 
general provides another fascinating circumstance where EOIL diverges from oxygen-iodine 
accepted best practice based on the COIL heritage.   While EOIL still retains active oxygen 
species and iodine, other substances such as chlorine gas, high concentration hydrogen 
peroxide, potassium hydroxide (or sodium hydroxide), and water are not present.  
ElectricOIL has only added one new mildly corrosive substance, nitric oxide, though it is 
generally sufficiently diluted to be of little consequence for all materials of interest.  As a 
result, a much wider range of materials meet EOIL construction requirements than COIL. 
 With a basic understanding of the material requirements that have been formulated 
throughout this work to meet ElectricOIL needs, the next section considers the atomic 
oxygen recombination coefficients of select materials. 
 
5.4.1 Atomic oxygen recombination coefficients for select materials 
 Two classes of materials largely meet the necessary requirements for direct 
interaction with EOIL discharge effluent, metals and oxides.  Greaves[5.11] provides oxygen 
atom recombination coefficients at room temperature for a variety of materials including 
metals and oxides, summarized in Table 5.2.  Consider that any metal selected will be in 
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direct exposure to high concentrations of active oxygen gaseous media.  While many of the 
recombination coefficients for metals provided in Table 5.2 are quite attractive, and can 
effectively eliminate oxygen atoms in exceptionally short distances given the right 
geometry, they will each be subject to oxidation resulting in a temporal effect on laser 
operation.  Testing in this doctoral work has demonstrated that metals exposed to the 
discharge effluent quickly develop a surface layer of oxidation.  For this reason, this work 
suggests that designing with the presumption of an oxide surface will provide best long-
term reliability and durability. 
Table 5.2: Oxygen recombination coefficients at room temperature for select metals and 
oxides summarized from results published by Greaves [5.11]. 
  Material Coefficient 
Metals silver 2.40E-01 
 
copper 1.70E-01 
 
iron 3.60E-01 
 
nickel 2.80E-01 
 
gold 5.20E-03 
 
magnesium 2.60E-03 
Oxides copper 2.00E-02 
 
iron 8.20E-03 
 
nickel 7.70E-03 
 
magnesium 3.50E-03 
 
aluminum 1.8 to 3.4E-03 
 
boron 2.80E-04 
 
silica 7.10E-04 
  Pyrex 2.00E-04 
 Four materials have been given the most attention in this work.  One, copper oxide 
has the highest recombination coefficient of the oxides listed, making it a compelling 
material.  Copper also has the highest thermal conductivity.  Two, aluminum oxide has a 
recombination coefficient similar to magnesium, nickel, and iron oxides, yet has numerous 
advantages favoring its consideration as a STER material.  Aluminum oxide is commonly 
available in the form of alumina ceramic tubes and sheets.  Many aluminum alloys can also 
be anodized, commonly providing up to 0.004 inch thick oxide coatings.  Even so, without 
anodization, aluminum spontaneously oxidizes in air, forming a thin yet effective layer of 
protection against further oxidation.  Unlike many oxide layers on metals, aluminum oxide 
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adheres strongly to its parent material.  Aluminum also is a fantastic thermal conductor.  
Three, while a relatively poor thermal conductor, stainless steel has outstanding corrosion 
resistance, specifically the 316 alloy.  Additionally, stainless steel has proven itself in COIL 
construction.  Finally, quartz is considered given its resilience to thermal fracturing and 
corrosion.  Furthermore, silicon dioxide can be applied as an ultra-thin surface finish to a 
wide range of metals and ceramics using such processes as chemical vapor deposition. 
 To illustrate the significance of the rates provided in Table 5.2, the simplified kinetic 
model developed in this work was used to predict O-atom decay through the STER device 
for different materials, Figure 5.13.  Flow rates are assumed to be 45 mmol/s of oxygen, 150 
mmol/s of helium, and 0.15 mmol/s of nitric oxide at 50 Torr.  The STER inlet and exit 
temperatures are assumed to be 650 and 425 K, respectively.  Given that stainless steel is 
largely iron and nickel, and the oxides have similar recombination coefficients, nickel oxide 
is plotted with copper, aluminum and silicon dioxide. 
 Note that while a strong recombination coefficient appears desirable for oxygen 
atom regulation, optimized geometries for effective heat transfer prove to make high 
coefficients unnecessary.  As the next section will show, strong oxygen recombination 
coefficients generally correlate with higher rates of O2(a) quenching, with some exceptions.  
Thus, selecting a surface material or finish that utilizes the full length of the STER device to 
achieve the desired O-atom population will likely provide best overall performance. 
 
 
Figure 5.13: Estimated O-atom decay in 
ElectricOIL STER-6A with varying surface 
finishes.  Flow conditions are 45 oxygen, 
150 helium, and 0.15 nitric oxide 
(mmol/s) at 50 Torr.  Temperature varies 
from 650 K inlet to 425 K exit.  Assumes 
the same temperature dependency as 
given in Equation 5.5 but scaled by a 
constant to match the room temperature 
rates in Table 5.2.  Model: SKM. 
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5.4.2 O2(a) surface quenching for select materials 
 Minimal literature exists on the surface quenching of O2(a) in a gaseous media.  Only 
a handful of papers[5.12], [5.13], [5.14],[5.15] were located during these investigations, and address 
only chromium, silver, copper, nickel, Inconel, gold, and Pyrex.  To determine the impact of 
select oxide materials on EOIL O2(a) population, investigations were performed as a part of 
this doctoral work.  Materials investigated were copper, aluminum, stainless steel, and 
silicon (quartz) oxides.  The principle test apparatus (Figure 5.14) included a 25 cm long 400 
Watt 13.56 MHz capacitive discharge clamped around a 1.9 cm OD quartz tube, two purged 
diagnostic blocks for O2(a) and O2(b) emission measurements, and thermocouples to 
monitor wall temperature.  Each test section was 1.9 cm (0.75 inch) OD and approximately 
90 cm (36 inch) long.  Flow rates were held at 5 mmol/s of oxygen, 15 mmol/s of helium, 
and 0.15 mmol/s of nitric oxide.  Pressure was varied from approximately 20 to 60 Torr, 
typical for ElectricOIL.  Wall temperatures on the exterior of the aluminum test section 
tubes were found to vary from 330 K upstream and 310 K downstream for the lowest 
pressure cases to 375 K upstream and 330 K downstream for the highest pressure cases.  
Copper exterior temperatures measured slightly hotter, while quartz and stainless steel 
measured slightly cooler, consistent with their thermal conductivities.  The discharge 
effluent temperature at the test section inlet was 400 K. 
 
Figure 5.14: Experimental setup for O2(a) quenching investigation. 
 
 Comparing the experimental data in Figures 5.15 (a) through (d) and theoretical 
results in Figure 5.13, O-atom recombination and O2(a) quenching probabilities tend to 
correlate positively between materials.  In other words, as a rough rule of thumb, materials 
that have higher recombination probabilities likely have higher O2(a) quenching 
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probabilities.  However, while copper oxide certainly has the highest probability for both 
recombining O-atoms and quenching O2(a), aluminum oxide is interestingly a similar or 
possibly weaker quencher of O2(a) than quartz.  Yet, aluminum oxide demonstrates an 
order of magnitude greater probability of O-atom recombination than quartz according to 
Greaves[5.11].  Thus, not every material that rapidly recombines O-atoms will necessarily 
rapidly quench O2(a).  Stainless steel, while not as strong a quencher as copper oxide, is 
nonetheless far more aggressive than aluminum oxide or quartz, consistent with its O-atom 
recombination coefficient with respect to the other two materials. 
     
      
Figure 5.15: Singlet oxygen yield upstream and downstream of 0.75” OD x 36” long material 
test sections flowing 5 mmol/s of O2, 15 mmol/s of He, and 0.15 mmol/s of NO at various 
pressures using a 0.75” OD x 10” long 13.56MHz capacitive discharge at 400 Watts.  
Materials include oxidized (a) copper, (b) 316 stainless steel, (c) aluminum, and (d) quartz. 
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Given the outstanding workability, high thermal conductivity, and low mass density of 
aluminum, in addition to a reasonably high O-atom recombination probability and low O2(a) 
quenching probability, aluminum is an excellent choice for scalable EOIL STER devices.  
These results led to the material of choice being Al 6061-T6 for experiments described 
throughout this work. 
 Given that O2(a) quenching coefficients for oxides are not available in literature, they 
are estimated here by two methods using the data presented in Figure 5.15. The first 
method fits the 20 Torr experimental data for O2(a) decay, including volumetric and surface 
quenching, using the simplified kinetic model discussed previously for O-atom calculations.  
The method for estimating wall quenching is the same as described by Equation 5.9 for O-
atom recombination, including the radial diffusion correction derived by Wayne[5.6].  The 
temperature dependent rate of diffusion for molecular oxygen in helium is taken from 
Marrero[5.2].  The average wall temperature is assumed to be 350 K based on experimental 
measurements. The second method fits the 50 Torr experimental data employing the Blaze-
V computational fluid-dynamics (CFD) model including the full EOIL reaction set.  The 
coefficients from both methods are summarized in Table 5.3.  The Blaze-V model was 
unable to uniquely define a quenching coefficient for copper oxide at 50 Torr.  The model 
found surface recombination to be limited by diffusion at 50 Torr with any quenching 
coefficient greater than 0.005 resulting in an O2(a) loss of 55% satisfying the experimental 
data.  The quenching probabilities determined by Blaze-V as a function of O2(a) fractional 
losses at 50 Torr in a 1.6 cm ID tube is presented in Figure 5.16. 
Table 5.3: Estimated O2(a) surface quenching coefficients for select EOIL materials based on 
(a) simplified kinetic model using Equation 5.9 to calculate the O2(a) surface quenching rate, 
(b) the Blaze-V model including the full EOIL reaction set, and (c) Carannage[5.15]. 
  Surface Quenching 
Oxides Analytic BLAZE Crannage[5.15]  
Copper 3.9×10
-3
 >5×10
-3
 3.4×10
-4
 
Stainless 1.5×10
-3
 1.22×10
-3
 
 Quartz 8×10
-4
 3.4×10
-4
 1.5×10
-5
 
Aluminum 5×10
-4
 2.3×10
-4
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Figure 5.16: Estimated O2(a) surface 
quenching coefficients for a hypothetical 
1.6 cm ID tube flowing 5 mmol/s of 
oxygen, 15 mmol/s of helium, and 0.15 
mmol/s of nitric oxide at 50 Torr assuming 
various fractional losses of O2(a).  
Numerical calculation including the full 
EOIL reaction set and 2-D computational 
fluid dynamics. Fractional loss asymptotes 
to about 55 percent as the quenching 
process becomes diffusion limited.  
Model: BLAZE-V. 
 The quenching coefficients determined by both methods are in good agreement.  
However, generally accepted O2(a) quenching coefficients for Pyrex
[5.14] are on the order of 
2.5×10-5. Additionally, Crannage[5.15] determines a probability for quartz of 1.5×10-5.  The 
coefficient determined here is an order of magnitude greater.  The difference can be 
explained by an important observation.  While O2(a) quenching studies generally use an 
electric discharge, O-atoms are universally scrubbed from the discharge effluent using 
coatings such as HgO immediately downstream of the discharge.  As O-atoms do not exist in 
COIL, and gaseous O2(a) surface quenching studies have historically assumed application to 
COIL kinetics, scrubbing O-atoms has been logical.  However, EOIL is subject to a wide range 
of species including O-atoms and nitric oxide, thus removing them is not representative.  It 
is logical to assume that the surface of materials in EOILs are saturated by weakly bonded 
O-atoms, as is evident given the large O-atom surface recombination rates observed here.  
Given that O-atoms are known to be a strong quencher of O2(a), and they reside on surfaces 
in significant quantities, greater surface quenching of O2(a) in EOIL is logical.  Thus, while the 
rates found here are an order of magnitude higher than previously reported rates, the 
difference is deemed justified.  A significant finding of this work is that previously reported 
O2(a) surface quenching coefficients for materials are not applicable to EOIL.  Further 
material studies are justified using EOIL specific gaseous mixtures including O-atoms. 
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 Table 5.4 compares the ratio of the O2(a) wall quenching time to the characteristic 
time for diffusion at 20 and 50 Torr assuming a 400 K flow temperature.  Notice that copper 
oxide’s high probability for O2(a) quenching results in a diffusion limited flow at 50 Torr, 
consistent with the Blaze-V result.  
Table 5.4: Comparison of O2(a) characteristic time for diffusion and wall quenching time for 
various oxides assuming 1.9 cm OD tubing flowing an oxygen-helium mixture at 400 K. 
Oxides Pressure [Torr] D [cm2/s] n  R
2/D 2R/n tquench/tdiff 
Copper 20 47 5.14E+04 5.00E-03 0.019 0.007 0.38 
 
50 19 5.14E+04 5.00E-03 0.048 0.007 0.15 
Stainless 20 47 5.14E+04 1.50E-03 0.019 0.025 1.28 
 
50 19 5.14E+04 1.50E-03 0.048 0.025 0.51 
Aluminu
m 20 47 5.14E+04 5.00E-04 0.019 0.074 3.83 
 
50 19 5.14E+04 5.00E-04 0.048 0.074 1.53 
SiO2 20 47 5.14E+04 8.00E-04 0.019 0.046 2.39 
  50 19 5.14E+04 8.00E-04 0.048 0.046 0.96 
 
5.4.3 O2(b) surface quenching for select materials 
 Singlet sigma oxygen is not considered in detail in this work given its low 
concentration relative to the major species of interest.  Especially at high pressure, 
populations are low and volumetric quenching processes dominate.  To be complete, 
however, O2(b) surface quenching coefficients measured by Perram
[5.16] are provided in 
Table 5.5.  Notice that the trend theorized earlier that materials proven to recombine 
oxygen atoms with a higher probability likely have a higher probability to quench energetic 
molecular oxygen species is fairly consistent.  However, in the case of O2(b) surface 
quenching, nickel appears to be the deviant rather than aluminum.  Perram[5.16] reports that 
nickel quenches O2(b) with greater probability than copper, the reverse of the O-atom 
recombination probabilities reported by Greaves[5.11]. 
 An O2(b) surface quenching probability of 0.002 was included in the Blaze-V study 
discussed in the previous section while determining O2(a) quenching coefficients.  Inclusion 
of O2(b) surface quenching only affected predicted O2(a) fractional loss through the 36 inch 
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tube by a trivial 0.01 percent for the conditions described.  This result confirms that it has 
been fair to neglect O2(b) for the purposes of the research described here. 
Table 5.5: O2(b) surface quenching coefficients as determined by Perram
[5.16]. 
Material 
Nickel 0.026 
Copper 0.010 
Aluminum 0.0067 
Teflon 0.0045 
Pyrex 0.002 
 
5.4.4 Corrosion resistance of Aluminum 6061 
 A requirement posed earlier in this section for EOIL STER materials was good 
corrosion resistance.  Towards that end, aluminum 6061 has been tested for compatibility 
with DSOG produced active oxygen effluent, including low concentrations of nitric oxide, 
and iodine.  Aluminum’s natural protective layer, though thin, has proven to provide 
outstanding resistance to corrosion from the discharge effluent. 
 Iodine, however, is far more aggressive. Commonly available material compatibility 
charts for aluminum, in the absence of humidity, give excellent ratings for resistance to 
iodine vapor.  Considering that a STER device may likely be expected to operate at 
temperatures below freezing, where condensation is a practical concern, material testing in 
an aqueous solution was performed here.  
 To test long term durability to iodine, a 1 inch x 3 inch x 1/8 inch aluminum 6061 
sample was placed in deionized water with dissolved molecular iodine at 60 C for two 
hours, followed by 20 C for 24 hours.  Approximately 10% of the aluminum mass was lost 
under these aggressive conditions.  Therefore, although aluminum has excellent resistance 
to iodine vapor, corrosion is a real concern for long-term operation of a large scale EOIL 
unit.  While avoiding humidity is often feasible in the isolation of a laboratory, production 
lasers may be used in a variety of applications leading to water vapor infiltration. 
 A second aluminum sample was anodized in 15% sulfuric acid in deionized water at 
up to 12 VDC for 1 hour.  The oxide layer was then sealed by boiling in deionized water for 
20 minutes.  While not measured, such conditions result in approximately 0.0005 to 0.001 
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inch of oxide growth.  The test was again repeated in water at 60 C for two hours followed 
by 20 C for 24 hours.  Other than clearly stained by iodine, and showing signs of mild 
corrosion at locations where the sample was clamped during anodization, the aluminum 
sample was fully intact.  The conclusion from this investigation is that aluminum 6061 will 
provide excellent resistance to iodine vapor, however for long term durability anodization 
will provide far superior corrosion resistance for all relevant EOIL chemicals. 
 
5.4.5 Effect of anodization on singlet delta quenching 
 Aluminum oxide layers grow in a regular hexagonal honeycomb geometry with 
anodization.  The density, pore size, and thickness of the oxide layer can all be controlled 
through variables such as current density, bath temperature, acid type, agitation or 
circulation of the bath, as well as additives.  In all cases, however, the effective surface area 
of the component increases due to changes in the microscopic surface structure.  The result 
is an increase in sites for oxygen atoms and/or molecules to adhere leading to a higher 
probability of reaction by surface collisions.   
 It was hypothesized during this work that anodization will significantly increase the 
probability of O2(a) quenching by surface collisions.  To confirm the prediction, a finned 
aluminum 6061 STER device (STER-3A) was fabricated for the 3rd Generation ElectricOIL 
Cavity (CAV3). 
 The STER device consists of eight fins 1 cm high and 15 cm long as shown in Figure 
5.17.  The total width of the device is 5 cm.  Two of the plates are oriented such that the 
tops of the fins face one another, creating seven 2 cm tall rectangular channels.  One pair of 
plates was anodized using the same process described in Section 5.4.4.  A second pair was 
kept untreated (raw machined surface) as a control.  Flow conditions used to evaluate O2(a) 
quenching were 10 mmol/s of oxygen, 33 mmol/s of helium, and 0.15 of mmol/s nitric oxide 
at 20 Torr using a 5 cm OD by 25 cm long capacitive 13.56 MHz discharge upstream of the 
test cavity. 
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Figure 5.17: Aluminum finned STER-3A 
plate 5 cm W x 15 cm L x 1 cm H tested in 
the 3rd Generation ElectricOIL Cavity. 
 Table 5.6 summarizes the results.  Anodizing the aluminum increased the quenching 
probability, as hypothesized.  The O2(a) yield after the test section was lower by 
approximately 50% with anodization than without.  While anodization demonstrates good 
corrosion resistance in an EOIL, optimal performance likely restricts anodization to non-
contact surfaces with the discharge effluent.  Given that aluminum has excellent resistance 
to iodine vapor as typically expected in an EOIL, it still appears the best choice for STER 
construction.  However, special care must be given to prevent moisture infiltration. 
 The surface reaction probabilities will likely be influenced by many factors including 
the thickness of the anodized layer and pore size.  Anodization is usually followed by a 
sealing process, for example boiling in either water or nickel acetate.  Before sealing, an 
anodized surface may be dyed thanks to its open pore structure.  In place of or in 
conjunction with a dye, other additives such as Teflon may also be impregnated in the 
surface.  Each of these factors may result in an increase or decrease in the recombination 
probability.  It is quite probable that some combination of surface treatments may provide 
an anodized surface with a lower quenching probability.  However, such investigations were 
beyond the scope of this work, but are recommended for future investigations. 
Table 5.6: Comparison of O2(a) yield upstream and downstream of the STER-3A test section 
with and without anodization of the aluminum surface. 
  O2(a) Yield [%] O2(a)  
Surface  Upstream Downstream Loss [%] 
Raw Aluminum 10.0 7.4 26 
Anodized 10.5 6.2 40 
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5.4.6 Other concepts for species regulation 
 The STER devices discussed in Chapter 5 are simply one approach to species 
regulation.  Other intriguing concepts were not tested in this work due to insufficient time 
and funds.  For example, ridges added to the inside of the discharge tubes to increase 
surface area and reduce scale, as done by Hill[5.17], though for distinctly different reasons, 
would likely promote a significant increase in discharge oxygen atom recombination.  In 
Chapter 2, results are discussed that illustrate how recombining oxygen atoms in the 
discharge, using O-NO recycling, provides a greater supply of O2, which may in turn be 
pumped to O2(a).  Variations in discharge wall geometry and material may provide a similar 
effect. 
 To demonstrate the hypothesis, a 1.9 cm (0.75 inch) aluminum oxide (alumina) tube 
was tested against quartz as an ElectricOIL discharge dielectric.  The flow conditions were 
10 mmol/s of oxygen, 33 mmol/s of helium, and 0.18 mmol/s of nitric oxide at 40 Torr.  The 
results are presented in Figure 5.18.  Given an order of magnitude increase in the surface 
recombination probability of alumina versus silicone dioxide (Table 5.2), even diffusion 
limited, a drop in oxygen atoms is expected and observed. 
 
 
 
Figure 5.18: O2(a) and oxygen atom yields 
vs. RF Power for quartz and alumina 19 
mm ID tubes.  The flow rates were 
10:33:0.18 mmol/s, O2:He:NO at 40 Torr.  
The electrodes were 36 cm long. 
 Given a larger population of ground state oxygen with increased surface 
recombination of O-atoms, a small increase in O2(a) occurs with alumina versus quartz.  
Notice, however, the peak in O2(a) production occurs at about 1100 Watts with the alumina 
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tube rather than 950 Watts with the quartz.  The increase in the surface recombination rate 
lowers the electrical efficiency of the DSOG as the exothermic recombination process 
largely transfers energy to the discharge wall.  Thus, while the hypothesis that greater 
surface recombination can improve O2(a) yield, the percentage increase in yield is smaller 
than the percentage increase in electrical power required to drive the DSOG.  An acceptable 
penalty in a laboratory environment, but available power will determine its practicality in a 
production design. 
 Interestingly, nitric oxide also scrubs oxygen atoms to similarly improve yield, but as 
a volumetric process that results in a bulk temperature rise of the fluid rather than a surface 
process that results in a temperature rise of the wall.  While not studied in this work, 
employing surface recombination to reduce oxygen atom concentration in the discharge 
may provide a more practical approach than nitric oxide, given that the resulting energy 
release from recombination is inherently at the discharge boundary where it can be 
extracted, maintaining a lower discharge exit temperature.  If successful, eliminating nitric 
oxide would further simplify electric oxygen-iodine laser systems. 
 
5.5 Conclusions 
 The work described in this chapter resulted in the following new scientific 
contributions to EOIL technology: 
 O2(a) surface quenching rates were calculated for copper, stainless steel, aluminum, 
and silicon (quartz) oxides.  EOIL gaseous mixtures resulted in rates an order of 
magnitude higher than accepted rates determined in the absence of O-atoms. 
 Species and thermal energy can be regulated in an EOIL using a single device with a 
common scale designed for both functions.  A single device can reduce residence 
time between the DSOG and optical cavity, thereby minimizing losses by volumetric 
processes. 
 The length scale of an EOIL STER device should be such that the characteristic time 
for diffusion is similar or slightly faster than the recombination or quenching time of 
the species being regulated.  Reducing length scales further will likely result in 
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significant pressure gradients ultimately impacting both discharge and optical cavity 
performance. 
 Surface material should be selected such that the species concentration desired is 
achieved over the full length of the device, where the length of the device is driven 
primarily by the reduction in heat flux desired. 
 Probabilities of surface reaction of active oxygen species will as a rule of thumb scale 
similarly between materials.  Selection of too aggressive of a surface finish may 
result in undesirable recombination / deactivation of all species, rather than just the 
target species. 
 Aluminum 6061-T6 has been determined to be an excellent construction material for 
EOIL STER devices amongst the materials tested.  Aluminum has a high atomic 
oxygen recombination probability, while maintaining the lowest O2(a) quenching 
probability of the materials considered.  Amongst its many well know qualities, 
including thermal conductivity, low density, and cost effectiveness, aluminum 
provides good material compatibility with all EOIL chemicals. 
 While anodization of aluminum considerably improves its corrosion resistance 
against iodine, the grown oxide surface increases the probability of surface 
quenching of O2(a) and thus should be avoided in direct contact with the discharge 
effluent.  Treatment of an anodized surface is hypothesized to impact the surfaces 
quenching / recombination probabilities possibly providing opportunity to utilize an 
anodized surface in contact with discharge effluent to achieve desired 
concentrations of active oxygen species, while benefiting from improved corrosion 
resistance.  Untreated anodized aluminum surfaces are only recommended to be 
placed downstream of the iodine injection location were residence time to the 
optical cavity is short, resulting in a reduced influence of surface reactions. 
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6.0 Electric discharge pre-dissociation of molecular iodine 
This chapter summarizes research into the dissociation of molecular iodine, a 
precursor to excitation of the oxygen-iodine lasing state, I*, by means of an electric 
discharge.  Oxygen-iodine lasers presently rely on chemical processes for the dissociation of 
atomic iodine donors.  These processes directly, or indirectly, reduce the molecular storage 
pool of the key excited species O2(a), reducing the maximum extractable energy of these 
systems.  An improvement in oxygen-iodine performance has long been predicted with the 
dissociation of the atomic iodine donor prior to introduction with the active oxygen media.  
This process is often referred to as pre-dissociation in the literature and shall be referred to 
as such for the remainder of this work.  However, although a handful of investigators have 
reported success at demonstrating gain and lasing enhancement with pre-dissociation, the 
enhancements have come with oxygen-iodine devices of marginal performance.   No such 
improvement in gain or laser power has been reported for high performance oxygen-iodine 
systems.  The chapter begins with background and motivation for iodine pre-dissociation.  A 
study conducted as a part of the current work to understand why pre-dissociation has only 
succeeded on lasers of marginal performance, but not high performance, is reviewed.  
Finally, future directions for research are indicated, including experimental results from 
multiple approaches.  
 
6.1. Motivation and background 
Oxygen-iodine lasers operate on two fundamental processes.  First, pumping of 
atomic iodine to the I* state via a near resonant energy transfer with O2(a),  
    2 2 *O a I O X I   , (6.1) 
and second, stimulated emission, 
 * 2I hv I hv   . (6.2) 
However, before either of these processes are achievable, atomic iodine must be 
introduced to the system.  As iodine is not stable in nature in its atomic form, molecular 
iodine is most commonly the donor, although other donor molecules exist such as CH3I.   
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COIL devices primarily rely on dissociation of the iodine molecule through multiple 
collisions with O2(a),  
 )(2)( 222 XnOIanOI  , (6.3) 
where n is believed to be between three to six molecules[6.1].  In addition to O2(a), EOIL 
devices utilize a moderate concentration of O2(b) and O-atoms to assist in I2 dissociation, 
 2 2 2( ) 2 ( )I O b I O X     and (6.4) 
 2 22 2 ( )I O I O X   . (6.5) 
Note that oxygen atoms are not present in COIL systems and O2(b) has a very small mole 
fraction <10-5 because of water vapor quenching. 
While all three processes are effective to one degree or another at iodine 
dissociation, they each drain energy away from what could otherwise result in higher 
extractable laser power.  Most noticeably, any O2(a) quenched in the process of iodine 
dissociation is no longer available to pump atomic iodine to the lasing state, I*.  Less 
noticeably, O2(b) may be quenched to the O2(a) state through various processes, thus O2(b) 
invested towards iodine dissociation is a potential loss to the O2(a) population.  Finally, O-
atoms have a negative impact on performance through quenching of both I* and O2(a), 
 *I O I O   , (6.6)  
 2 2( ) ( )O a O O X O   . (6.7) 
Thus, effective pre-dissociation of molecular iodine (dissociation prior to mixing with 
the active oxygen mixture) can yield significant benefit for both EOIL and COIL by 
eliminating major loss mechanisms on the O2(a) population. 
However, Iodine pre-dissociation is not a novel concept for oxygen-iodine lasers.  
Improvements in COIL performance through pre-dissociation of iodine have been reported 
by several authors[6.2],[6.3],[6.4],[6.5], yet only at marginal lasing conditions.  For example, 
Okamoto et al.[6.2] reports an improvement of 50% in output power from their COIL with a 
microwave pre-dissociation device, but while running with an [I2]/[O2] of 0.8%, far below 
nominal for a high performance chemical oxygen-iodine laser.  At these conditions, the 
dissociation fraction was found to be 20%.  At a closer to nominal [I2]/[O2] ratio of 
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approximately 2%, no benefits are reported with pre-dissociation.  In the latter case, the 
dissociation fraction is predicted to be near zero.  These types of results are not unusual. 
A common explanation reported in literature for improvements at low I2 flow rate, 
yet not at high performance conditions, is discussed earlier in Section 2.3.  Recapping, the 
initiation reaction for I2 dissociation in the absence of I-atoms is orders of magnitude slower 
than the dominate dissociation reactions reliant on an existing population of I-atoms.  With 
the pre-dissociation device (or pre-dissociator) providing an initial population of iodine 
atoms, the slower initiation reaction is bypassed.  To overcome the slower initiation 
reaction, the dissociation fraction does not even need to be particularly large.  
Improvements have been reported with as little as 2% pre-dissociation[6.4].  However, the 
improvement observed is nonetheless only a byproduct of operating at conditions known to 
provide less than achievable gain and laser power.  Thus, care must be given when assessing 
EOIL or COIL literature claiming improvement with the implementation of iodine pre-
dissociation, as, more often than not, the device has been starved of the iodine donor. 
Iodine pre-dissociation has yet to be reported as a technique for improving the 
power extraction efficiency of a high performance oxygen-iodine laser, though modeling 
predicts significant potential. Figure 6.1 illustrates the small signal gain enhancement 
calculated by the Blaze-V model for the 6th Generation ElectricOIL.  A pre-dissociator 
capable of 60% pre-dissociation is expected to enhance gain from 0.30 to 0.42% cm-1.  
Furthermore, a peak gain of 0.52% cm-1 is projected to be achievable. 
  
 
 
 
Figure 6.1: Peak gain prediction as 
a function of I2 pre-dissociation 
fraction and I2/O2 relative flow rate 
for the 6th Generation ElectricOIL 
Cavity.[6.18]  Model: BLAZE-V.  
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6.2. Volumetric recombination of iodine in a sidearm pre-dissociator 
In order to understand why pre-dissociation devices have not yet succeeded at 
enhancing the gain and laser power of high performance oxygen-iodine lasers, volumetric 
recombination of iodine will first be considered.  Important limitations on any dissociative 
device are the rates of volumetric and surface recombination of the target species.  Surface 
recombination will be considered separately in the following section.  Figure 6.2 illustrates 
one embodiment of a sidearm iodine pre-dissociation device to assist in the analysis.  The 
device consists of a molecular iodine supply, a capacitive discharge, a constriction, and a 
cross-flow of O2(a).  The iodine is assumed to be diluted by a gas mixture, iM . 
 
 
 
 
 
Figure 6.2: Sidearm pre-dissociator 
schematic: one embodiment of an iodine 
pre-dissociation device (Iodine Pre-
Dissociator). 
 One approach to atomic iodine production is dissociation of molecular iodine by 
electron impact, 
 
2 2I e I e
     (6.8) 
For the purpose of this analysis, the type of discharge is not critical, but it may be 
accomplished by a wide range of techniques including, but not limited to, microwave, rf, dc, 
or pulser-sustainer driven discharge.  Other techniques include use of iodine donor 
molecules such as CH3I
[6.6] or CF3I, as well as chlorine or fluorine reacted with hydrogen 
iodide[6.7],[6.8],[6.9].  One benefit to using donors such as CH3I or CF3I is the lack of an initial 
concentration of molecular iodine, regardless of the dissociation fraction.  Molecular iodine 
shall be shown shortly to be a dominant third-body in volumetric recombination, thus 
minimizing I2 is favorable.  A second benefit, depending on the iodine donor, may be a 
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lower dissociation energy than I2, although molecular iodine already has a reasonably low 
dissociation energy at 1.54 eV. For this analysis, though, complete iodine dissociation will be 
assumed as a starting condition, making the donor molecule not relevant to this discussion. 
The rate of change of atomic iodine concentration due to three-body recombination 
processes can be determined by the rate equation 
 2
[ ]
[ ] [ ]i i
i
d I
k I M
dt
  . (6.9) 
The three-body iodine recombination rate coefficients, ki, for various carrier diluents, Mi, 
are given in Table 6.1.   
 The fluid dynamic and geometric constraints of this analysis are summarized in Table 
6.2. The cross-sectional areas have been chosen to be representative of the 6th Generation 
ElectricOIL Cavity (CAV6). The temperature everywhere is assumed to be 298 K. The sidearm 
pressure is determined assuming choked flow conditions at the sidearm orifice. 
 Table 6.1: Iodine three-body recombination rates[6.10] for various diluents at 298K. 
# M Reaction Rate (298K) [cm6/s] 
D1 I2 2 I(
2P3/2) + I2 → 2 I2 kD1 = 3.58×10
-30  
D2 N2 2 I(
2P3/2) + N2 → I2 + N2 kD2 = 1.19×10
-32  
D3 Xe 2 I(2P3/2) + Xe → I2 + Xe kD3 = 1.27×10
-32  
D4 Ar 2 I(2P3/2) + Ar → I2 + Ar kD4 = 7.45×10
-33  
D5 He 2 I(2P3/2) + He → I2 + He kD5 = 3.86×10
-33  
 
Table 6.2: Iodine volumetric recombination analysis assumptions, unless stipulated 
otherwise.  Geometry is a representative simplification of CAV6 geometric features. 
Parameter Value Units 
Helium Diluent 50 mmol/s 
I2 Flow Rate Varies mol/s 
Sidearm Orifice C/S Area (0.6 cm ID) 2.82×10-5  m2 
Sidearm Orifice Discharge Coefficient 0.6 --- 
Sidearm C/S Area (0.95 cm ID) 7.13×10-5 m2 
Sidearm Stagnation Pressure Varies Torr 
Laser Gas Feed C/S Area 6.77×10-4 m2 
Laser Gas Feed Stagnation Pressure  50 Torr 
Stagnation Temperature (Everywhere) 298 K 
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  Figure 6.3 (a) presents calculated iodine dissociation fraction as a function of iodine 
flow rate and distance downstream of the hypothetical pre-dissociation discharge, prior to 
injection and mixing with O2(a).  Figure 6.3 (b) presents the same data as a function of time.  
All cases assume 50 mmol/s of helium carrier gas, which has the slowest recombination rate 
coefficient of the diluents listed in Table 6.1.  Notice, however, that I2 has the highest 
recombination rate coefficient, three orders of magnitude greater than helium.  Thus, even 
with a relatively low molar concentration compared to the helium diluent, increasing iodine 
concentration has a considerable influence on the overall rate of recombination.  Sidearm 
pressure varies from 102.5 Torr to 129.2 Torr as I2 flow rate passed through the discharge 
varies from 100 mols/s to 600 mol/s, respectively.  If it is assumed that the geometric 
distance from the exit of the discharge to the point of injection into the laser active oxygen 
mixture is 5 cm, the residence time on average is about 0.4 ms. 
 
Figure 6.3: Iodine dissociation fraction as a function of (a) distance and (b) time 
downstream of a pre-dissociation discharge, prior to injection and mixing with active 
oxygen.  50 mmol/s of helium diluent and varying I2 flow rate from 100 to 600 mols/s.  
Pressure varies from 102.5 to 129.2 Torr dependent on iodine flow rate.  Model: SKM. 
The rate of recombination is not terribly significant for the low iodine flow rates (100 
mols/s).  However, a flow rate typical of the 6th Generation ElectricOIL of around 400 
mol/s results in a dissociation fraction at 5 cm of only 20%.  If the residence time becomes 
 
 
137 
 
much greater, depending on physical limitations to plumb iodine in a real device, 
dissociation fractions may easily drop below 20 percent.  Thus, neglecting surface 
recombination, it has been shown that for typical high performance flow conditions of EOILs 
and COILs, residence time between any dissociation source and point of injection must be 
kept exceptionally short.  Assuming an I2 flow rate of 350 mol/s and flow conditions as 
given in Table 6.2, a residence time of less than 0.2 ms, or about 2 cm, is necessary to feed 
approximately 60 percent atomic iodine to the lasing media.  For a 90 percent dissociation 
fraction, the maximum residence time drops to approximately 5×10-5 seconds or 0.5 cm. 
Now consider 50 mmol/s of helium diluent carrying 300 mol/s of I2, but at various 
sidearm pressures.  This can be physically represented by changing the size of the 
constriction at the point of iodine injection into the O2(a) containing lasing media.  An 
advantage to adding such a constriction is to drive up gas velocity to improve flow 
penetration and mixing.  Rather than a single constriction, a real device will usually consist 
of an array of small constrictions creating a multitude of small jets penetrating the lasing 
media.  Figure 6.4 illustrates the strong impact of pressure on the dissociation fraction 
observed at the injector.  Each of the five traces ends at 1 ms. 
 
 
 
 
 
Figure 6.4: Iodine dissociation fraction for 
50 mmol/s helium and 300 mol/s I2 flow 
for varying pressures.  Each trace ends at 
1 ms.  Model: SKM. 
  Since the pressure is varying between cases, but the flow rates are held constant, 
the flow velocity (i.e. residence time) is changing considerably.  The higher pressure cases 
not only suffer from greater densities raising the overall recombination rate, but also from 
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an extended residence time assuming each case shares the same physical geometry.  The 
results presented in Figure 6.4 exemplify a circumstance where a pre-dissociation device 
can demonstrate a high dissociation fraction at marginal lasing conditions (low flow rates / 
low pressure), but once at high performance conditions (high flow rates / higher pressure), 
the observed dissociation fraction suffers. 
Consider again the hypothetical geometry of a 5 cm long (0.95 cm diameter) duct 
coupling the pre-dissociation discharge and injection orifice.  At 50 Torr, the model predicts 
greater than 90 percent atomic iodine reaching the O2(a) stream, yet at 200 Torr, the output 
drops to below 10 percent. The strong relationship between pressure at fixed 
temperature (i.e. density) and recombination rate raises a critical conflict of design.  
Improving mixing by increasing gas momentum by a relatively small increase in sidearm 
pressure from say 75 Torr to 100 Torr, under the conditions of this analysis, drops the 
dissociation fraction from approximately 80% to 55% at 5 cm.  Thus, improvements in 
mixing result in a reduced dissociation fraction for a pre-dissociation scheme as described. 
 Furthermore, given the choked flow requirement of the injector, at least a factor of 
2 increase in pressure must exist between the O2(a) stream and sidearm.  Thus, the 
minimum sidearm pressure is dictated by the active oxygen flow channel pressure, often 40 
Torr or greater in EOIL and COIL systems.  Consequently, if an oxygen-iodine laser increases 
flow rates, raising O2(a) density, improving optical cavity efficiency, dissociation fraction will 
suffer considerably. 
 Another major consideration in pre-dissociator design is the selection of diluent.  For 
the above cases helium was selected because, as further analysis will show, it appears to be 
an excellent diluent for the task.  However, argon is another diluent often chosen for pre-
dissociation studies.  This may be due to argon’s relative affordability compared with 
helium, or possibly due to its lower ionization potential, but from the perspective of 
recombination, it shall be shown to be an inferior choice.  Figure 6.5 illustrates the impact 
of each diluent described in Table 2.1 holding momentum at the injecting orifice constant.  
High performance EOIL and COIL operation depend strongly on thorough mixing of iodine 
with the active oxygen media prior to the optical cavity as it helps ensure efficient pumping 
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of    2 2 *O a I O X I   .  Thus, in the following analysis, the geometry dictated in Table 
6.2 is held constant, but diluent flow rate and pressure are allowed to vary slightly such that 
each case has the same momentum as 50 mmols/s of He and 300 mol/s of I2.  The flow 
rates and pressures calculated are given for each diluent in Table 6.3.  Temperature is still 
assumed to be 298 K throughout the system. 
 
 
 
 
Figure 6.5: Iodine dissociation fraction for 
varying diluent and 300 mol/s I2 flow.  
Flow rates chosen such that 
2constant [kg-m/s ]tm RT  .  Diameter 
of orifice is 0.6 cm for all cases.  Pressure 
varies slightly between cases due to 
individual diluent properties.  Model: 
SKM. 
 It is clear from Figure 6.5 that of the diluents considered, from the perspective of 
balancing injector performance and iodine volumetric rate of recombination, helium offers 
superior performance.  Each of the alternatives will result in considerably more 
recombination in anything other than extremely close coupling between the dissociation 
device and the laser gas feed. 
Table 6.3: Parameters for diluent recombination analysis of 2constant [kg-m/s ]tm RT   
Diluent MW Mass Flow Rate Stagnation Pressure 
[Torr] 
Speed of Sound, Orifice 
--- M [g/mol] M [mmol/s] I2+M [Torr] I2+M [m/s] 
Xe 131 9.89 115.1 151.2 
Ar 40 17.59 114.4 266.5 
N2 28 21.55 124.6 305.8 
He 4 50 113.8 752.5 
 Next, consider the temperature dependency of the kinetic rates of recombination of 
atomic iodine with these four diluents and I2 as plotted in Figures 6.6(a) and 6.6(b), 
respectively.  The rates were experimentally determined by Ip and Burns[6.10]. 
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 Notice from Figure 6.6(a) the power law dependency of the rates of recombination 
as a function of temperature for each of the diluents considered.  As temperature decreases 
from 700 K to 400 K, the rates approximately double, and from 400 K to 300 K the rates 
again approximately double.   
 
Figure 6.6: Temperature dependency of kinetic rates of iodine recombination with (a) He, 
Ar, Xe, and N2, and (b) I2.  Plotted from data in Ip and Burns
[6.10]. 
The trend of higher temperature considerably reducing the rate of recombination, 
unfortunately, creates another conflict of design.  A tradeoff must be made between (i) 
allowing the temperature of the dissociated gas to rise appreciably to reduce the rate of 
recombination and (ii) minimizing heating of the dissociated gas so as not to introduce 
more thermal energy to the active oxygen mixture.  With a forward and reverse rate for the 
fundamental oxygen-iodine laser reaction,    2 2 *
f
b
k
k
O a I O X I  , of  
8 1 32.3 10 /fk T cm s
    and 8 1 33.07 10 exp[ 402 / ] /bk T T cm s
    , efficiency of power 
extraction from the lasing media relies on low temperatures, specifically in the optical 
cavity.  Introducing too much additional thermal energy through use of a pre-dissociation 
device may offset laser efficiency benefits offered by pre-dissociation.  Increasing thermal 
energy slows the forward rate and raises the backward rate, in turn raising the threshold 
level of O2(a) required for lasing, reducing the extractable laser power. 
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The temperature dependency of volumetric recombination also raises a possible 
source of confusion in interpreting pre-dissociation data.  Some pre-dissociation devices of 
fundamentally poor geometry, through very high power loading, may result in observed and 
reported respectable dissociation fractions.  However, since the use of very high power 
loading results in a high flow temperature to allow atomic iodine to survive transit into the 
active oxygen flow, the additional heating reduces or eliminates any benefit from pre-
dissociation by raising the O2(a) threshold yield.  Thus, reports of achieved dissociation 
fractions must be accompanied by documented improvement in gain and lasing for the 
devices performance to be well established. 
 There are two additional important observations to make from Figures 6.6 (a) and 
(b).  First, helium is again an excellent choice of the diluent gases considered, demonstrating 
the weakest temperature dependence.  Second, molecular iodine is two to three orders of 
magnitude faster at recombination of atomic iodine than any of the diluents considered 
across the full temperature range plotted. 
 In conclusion, literature suggests that oxygen-iodine lasers operating at marginal 
performance, starved of iodine donors, have demonstrated improvements in gain and lasing 
by providing sufficient iodine atoms to bypass a slow initiation reaction in the chemical 
dissociation process.  This explains why pre-dissociation devices improve oxygen-iodine 
lasers of marginal performance, however it does not explain why these devices fail to 
improve gain and laser power at high performance conditions.  The key findings here, 
however, are that iodine dissociation devices likely fail at high performance (high pressure / 
high I2 flow rate) conditions due to strong volumetric recombination dependencies on 
molecular iodine concentration, pressure, temperature, and choice of diluent.  Attempting 
to overcome these dependencies by applying high power loading to the dissociation devices 
may result in respectable dissociation fractions, yet ultimately result in gas heating, raising 
the O2(a) threshold required to achieve lasing. 
 These findings, and results related to the impact of surface recombination, have led 
to new scientific contributions and techniques that enable iodine pre-dissociation at high 
performance EOIL/COIL conditions with relatively low gas heating, Sections 6.4 and 6.5.  
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6.3. Surface recombination of iodine 
 Unlike surface recombination of atomic oxygen, surface recombination of iodine has 
not been rigorously investigated.  Perram[6.11] provides a surface recombination probability 
for iodine of 2.5 × 10-4 on halocarbons in “The Standard Chemical Oxygen-Iodine Laser 
Kinetics Package”, however probabilities for metals are simply given as less than unity.  No 
other published rates for iodine recombination have been found.  As such, to evaluate the 
importance of surface recombination (or as it turns out, lack of importance) to the design of 
iodine pre-dissociators as envisioned in this study, the pessimistic surface recombination 
probability of unity is assumed.  In other words, for this analysis, all surface collisions will 
result in recombination. 
 Gardner[6.12] determined a diffusion coefficient for iodine in helium at one 
atmosphere.  The diffusion coefficient temperature and pressure dependence for atomic 
iodine in helium is taken from Marrero[6.13] by assuming similarity to xenon in helium by 
virtue of similar atomic mass.  The diffusion coefficient of xenon-helium to iodine-helium at 
one atmosphere only differs by 15%.  Scaling Marrero’s expression for xenon-helium to 
match Gardner’s diffusion coefficient at one atmosphere yields 
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 (6.10) 
where P is the local gas pressure in atmospheres. 
 The geometry (Table 6.2) assumed in the hypothetical volumetric recombination 
study in the previous section will again be used.  The wall recombination rate, including a 
correction for diffusion in a cylindrical tube, is estimated by Equation 5.9.  Figure 6.7 
compares iodine recombination for a flow of 300 mol/s of iodine in 50 mmol/s of helium 
with and without inclusion of surface effects.   The increase in recombination due to surface 
effects is shown to be relatively insignificant for the sidearm geometry considered. 
 The large atomic mass of iodine results in slow diffusion to surfaces.  At 113.8 Torr at 
300 K, the diffusion coefficient is predicted to be 2.4 cm2s-1, half that of atomic oxygen at 
the same conditions.  Having assumed a high surface recombination probability of unity, the 
surface rate of recombination is limited completely by diffusion. 
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Figure 6.7: Iodine dissociation fraction (a) 
without surface recombination, and (b) 
with surface recombination, as a function 
of distance downstream of a pre-
dissociation discharge, prior to injection 
and mixing with active oxygen.  
Calculation assumes 50 mmol/s of helium 
diluent and 300 mol/s of I2 at 113.8 Torr.  
Geometry as given in Table 2.    
Recombination probability assumed to be 
unity.  Model: SKM. 
 A circumstance where diffusion plays less of a limiting role is in the injector array, 
where lengths scales are significantly smaller.  As an example, the 6th Generation ElectricOIL 
Cavity (CAV6) has an iodine injector array of fifty-eight 0.8 mm diameter holes.  For the 
same flow rates as before, Figure 5.8 shows recombination as a function of distance 
through the injector wall.  The CAV6 wall thickness is 1.6 mm.  Thus, while surface 
recombination does not play a major role in the sidearm kinetics, it does play a small role 
while the gaseous mixture passes through the array of small diameter injector holes.  At 1.6 
mm, approximately 7% of atomic iodine is predicted to recombine. 
 
 
 
Figure 6.8: Iodine dissociation fraction (a) 
without surface recombination, and (b) 
with surface recombination, as a function 
of distance through an array of fifty-eight 
0.8 mm diameter injector holes. Wall 
thickness of CAV6 is 1.6 mm.  Calculation 
assumes 300 mol/s of I2 and 50 mmol/s 
helium at 113.8 Torr.  Recombination 
probability assumed to be unity.  Model: 
SKM. 
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 The key findings here are that iodine pre-dissociation devices are primarily limited 
by volumetric recombination, and not surface recombination.  Especially given that the 
analysis presented assumed a worst case scenario of a recombination probability on 
surfaces of unity, likely a considerable overestimate. 
 The next section will discuss two new pre-dissociator concepts evaluated as part of 
this research. 
 
6.4. Transverse-capacitive dissociator located post-injector, prior to mixing 
In designing the first version of the ElectricOIL iodine pre-dissociator (IPD1), two 
conflicting design requirements had to be resolved.  First, good mixing of iodine into the 
active oxygen flow had to be preserved.  For EOIL, this largely means small jets of 0.8 mm 
diameter ejecting from a plenum with pressure on the order of 100 to 300 Torr.  Second, 
atomic iodine recombination must be minimized, though Figure 6.4 shows pressures such as 
found in the ElectricOIL iodine injector plenum strongly favor recombination. 
As a means to resolve this conflict, the plasma through which pre-dissociation occurs 
was placed downstream of the I2 injection holes, yet prior to mixing with the active oxygen 
gas flow.  Figure 6.9 is a schematic of the concept described.  The hypothesis is that the low 
pressure region, similar in pressure to the 20 to 50 Torr active oxygen flow, would reduce 
volumetric recombination, while additionally requiring a lower operational voltage than a 
similar electrode gap placed in the higher pressure iodine injector plenum. 
 
 
 
 
 
Figure 6.9:  Schematic of the IPD1 
discharge-driven dielectric barrier iodine 
pre-dissociator concept implemented into 
the CAV3 hardware. 
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Figure 6.10 is a photograph of the constructed hardware. The boxes drawn over the 
photograph illustrate the location of imbedded brass electrodes. The discharge is powered 
using a 13.56 MHz power supply.  The dielectric material used in construction is Macor. 
 
Figure 6.10: First embodiment of the EOIL I2 pre-dissociator (IPD1).  Body constructed from 
Macor.   Imbedded brass electrodes. 
This device was evaluated using the 3rd Generation ElectricOIL Cavity (CAV3).  DSOG 
flow rates were 10 mmol/s of oxygen and 0.05 mmol/s of nitric oxide, with helium varying 
between 33 and 55 mmols/s, using a 5 cm transvere-capacitive clamshell.  45 mol/s of 
iodine carried by 12 mmol/s of helium was injected through the devices 40 injection holes, 
each 0.8 mm in diameter. 
Improvements in both gain and laser performance were documented and 
reported[6.14].  With the iodine pre-dissociation discharge active, record gain for CAV3 
increased from 0.067% cm-1 to 0.10% cm-1, Figure 6.11, and record laser power improved 
from 4.5 to 6.2 Watts, Table 6.4.  At the time the measurements were made and reported, 
the improvement also represented highest reported gain and laser power for any EOIL.  In 
other words, the pre-dissociator facilitated a 50% increase in gain and a 38% increase in 
laser power relative to a case without the pre-dissociation discharge.  Furthermore, the use 
of the iodine pre-dissociator permitted higher pressure and lower total power operation.  
The 0.10% cm-1 gain and 6.2 W laser case was obtained with 700 W of DSOG power at 28 
Torr and 100 W of pre-dissociator power.  While, the 0.067 cm-1 gain and 4.5 Watt laser 
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Body 
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case was obtained with 1000 W of DSOG power at 20 Torr.  Not only did gain and laser 
power increase, but the electrical efficiency of the device increased by 20% as well.  A key 
finding here is that applying power to dissociate iodine at the dissociator, near the optical 
cavity, is more energy efficient than the power required to produce sufficient O2(a), O2(b), 
and O atoms in the DSOG to dissociate the iodine far downstream. Unfortunately, due to 
thermal fatigue of the Macor, the unit failed before dissociation fractions were able to be 
measured.   
 
 
 
 
Figure 6.11:  Gain line shape in the CAV3 
supersonic cavity as a function of probe 
beam scan frequency with and without a 
100 W rf secondary I2 dissociation 
discharge. 
Table 6.4: Comparison of CAV3 performance with and without the pre-dissociator (IPD1). 
DSOG Power IPD1 Power Total Power DSOG Pressure Gain Laser 
[W] [W] [W] [Torr] [% cm-1] [W] 
1000 0 1000 20 0.067 4.5 
700 100 800 28 0.1 6.2 
 
Several years later, Bruzzese[6.15] confirmed the benefits of this pre-dissociation 
technique demonstrating a factor of 2 improvement in gain.  It is interesting to note that 
the peak gain achieved using the pre-dissociator came in conjunction with the addition of 
cold helium.  It seems likely that the additional heating resulting from the 450 W auxiliary 
pre-dissociation discharge resulted in a rise in the threshold gain in Bruzzese’s optical cavity.  
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Addition of cold helium offset the additional heating, allowing the benefit of pre-
dissociation to be witnessed. 
The next version of the pre-dissociator (IPD2) designed for evaluation in the more 
powerful 4th and 5th Generation ElectricOIL Cavities (CAV4, CAV5) were improved to reduce 
thermal fatigue, the electrode gap was reduced to increase power density, and the channel 
height was elongated to increase the residence time of iodine in the discharge.  The IPD2 
assembly consisted of three primary parts: the electrode, the electrode casing, and the 
dissociator housing.  The electrode was constructed from 0.32 cm (0.125 inch) diameter 
brass tubing.  The electrode assembly was mounted into a Macor housing, Figure 6.12.  The 
housing contained the I2 gas plenum and an array of injector holes. 
 
Figure 6.12: IPD2 housing and electrodes for use in CAV4 and CAV5 ElectricOIL devices. 
Figure 6.13 is a schematic of the CAV4 ElectricOIL including the IPD2 pre-dissociator, 
illustrating the devices integration during testing.  The dissociator is located downstream of 
the CAV4 STER device and upstream of a cold gas nitrogen injector for improved mixing and 
bulk flow temperature reduction prior to the supersonic optical cavity. 
 
Figure 6.13: IPD2 installed in CAV4 ElectricOIL device with 5 cm transverse clamshell DSOG. 
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To measure dissociation fraction in the CAV4 supersonic optical cavity both with and 
without the DSOG active, two experimental methods were utilized and compared.  The first 
method utilized the iodine-scan diagnostic (ISD) and the iodine flow diagnostic, both 
described in greater detail in Chapter 3.  Dissociation can be determined using these two 
instruments by noting that the absorption measured by the ISD when O2(a) is not present in 
the flow is related to the concentration of iodine atoms.  However, under lasing conditions, 
with O2(a) present, this method fails.  Thus, a second method employing laser induced 
florescence (LIF) was verified without O2(a) in the flow and implemented when dissociation 
measurements were desired with an active DSOG. 
Results from both methods for determining the I2 dissociation fraction are compared 
in Table 6.5.  Good agreement gives confidence in the measurements made by both 
techniques.  The first three data points, without primary RF power, took place at 
approximately 13 torr, downstream of the injector in the optical cavity.  A low system 
pressure was used here to reduce I2 volumetric recombination, providing a better indication 
of the I2 dissociation fraction at the injector.  At 134 Watts total, 67 Watts per dissociator, 
the pair of I2 pre-dissociators yielded a dissociation fraction of approximately 40%.  Higher 
power operation was limited by the maximum operational voltage of the hardware.  All 
dissociation measurements made using IPD2 in the absence of a DSOG are summarized in 
Figure 6.14 as a function of Joules per mol of iodine.  Data included in Figure 6.14 includes 
a wide range of iodine flow rates and pre-dissociator powers, demonstrating very consistent 
behavior on an energy per molecule basis. 
Table 6.5: Comparison of small signal gain and LIF techniques for determining iodine 
dissociation fraction downstream of an ElectricOIL iodine pre-dissociator (IPD). 
DSOG Pre-dissociator Dissociation Fraction 
Power O2 He NO Power He I2 Gain LIF 
[W]          [mmol/s] [W]   [mmol/s] [%] [%] 
0 0 15 0 134 20 0.047 39 42 
0 0 15 0 98 20 0.047 33 33 
0 0 15 0 67 20 0.047 24 32 
1240 20 66 0.06 0 20 0.047 --- 74 
1260 20 66 0.06 0 20 0.113 --- 67 
1260 20 66 0.06 144 20 0.113 --- 87 
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Figure 6.14: Compilation of IPD2 
dissociation fraction data in the absence 
of a DSOG for various I2 flow rates and 
power loadings as a function of energy 
per mol of iodine.  IPD2 demonstrates 
consistent behavior on an energy per 
molecule basis. 
The last two measurements in Table 6.5 are made at conditions consistent with high 
performance ElectricOIL operation. The system plenum pressure upstream of the 
supersonic optical cavity was 42 torr.  Without the pre-dissociator, 67% of the iodine was 
dissociated by the mixture of O2(a), O2(b), or oxygen atoms.  The addition of the dissociator 
increases the dissociation fraction to approximately 87%.  Thus, the dissociator provides a 
distinct benefit, even at 42 torr.  The IPD2 dissociator is shown operational in Figure 6.15. 
 
 
 
 
Figure 6.15: IPD2 shown operational in 
CAV4 ElectricOIL device.  Tested in 
conjunction with a 2.5 cm transverse 
rectangular DSOG at approximately 42 
Torr. 
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 Although IPD2 demonstrated improved iodine dissociation fractions, measurements 
made with an active DSOG did not show a small signal gain increase at CAV4 high 
performance conditions.  IPD2 is believed to suffer from two issues.  First, at higher system 
pressures, with the injector holes set back from the active oxygen flow, penetration and 
mixing is diminished, resulting in reduced optical cavity performance.  Second, increased 
bulk flow temperature due to gas heating in the pre-dissociation volume is raising the 
threshold O2(a) requirement, offsetting the benefits of increased dissociation. 
 In order to increase dissociation with less input power, reducing heating, and return 
the injector exit plane closer to the active oxygen flow, a micro-cavity discharge (MCD) pre-
dissociator was developed. 
 
6.5. Micro-cavity discharge pre-dissociation of iodine 
 The key findings of this work have led to the conclusion that a micro-cavity discharge 
may be an excellent choice for the basis of an iodine pre-dissociator for high performance 
oxygen-iodine laser systems.  A micro-cavity discharge can be operated at very small 
electrode gaps as small as 10s of microns[6.16].  The small electrode gap reduces the 
operational voltage of the system, while the small length scales of the plasma significantly 
increase the electric-field to gas-density ratio (E/N) favoring dissociation.  Applied in a 
dielectric barrier arrangement, a single power supply can drive tens or even thousands of 
individual micro-cavity plasmas[6.17].  With the capability of driving numerous plasmas using 
a single power supply, a device can be constructed with each injection jet having a unique 
plasma with relatively minimal complexity.  Finally, given the transonic velocities located at 
the injector orifice where the plasma is maintained, the residence time between the plasma 
and the active oxygen flow is on the order of micro-seconds.  Volumetric and surface 
recombination are as a result very minimal even at plenum pressures of 100s of Torr.   
 The proto-type for the 3rd ElectricOIL iodine pre-dissociator concept (IPD3) is shown 
operational in Figure 6.16.   The device consists of twenty-seven micro-cavity discharges 
operating on a single 13.56 MHz power supply at up to 200 Watts total power.  The 
apparatus used to test the device is shown in Figure 6.17. 
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Figure 6.16: IPD3 pro-totype shown 
operational in test apperatus.  Twenty-
seven micro-cavity discharges operated in 
parallel using a 13.56 MHz power supply.  
Plenum pressure greater than 200 Torr.  
 
Figure 6.17: Test apparatus for IPD3 proto-type evaluation.  Gain and LIF measurements 
made approximately 8 cm downstream of the device’s exit plane at 40 Torr.   
 Measured dissociation fraction as a function of energy per mol of I2 is plotted in 
Figure 6.18.  Notice that the IPD3 proto-type (Figure 6.18) has about a 40% higher 
dissociation fraction than IPD2 (Figure 6.14) over the full range of energy loading.  To best 
simulate operation in a high performance ElectricOIL, cavity pressure downstream of the 
unit was maintained at 40 Torr.  However, this results in a residence time between the pre-
dissociator exit plane and measurement location of approximately 5 ms over 8 cm.  Given 
the flow mixture, pressure, temperature, and residence time, volumetric recombination is 
predicted to result in only a maximum of 64% atomic iodine reaching the probe beam 
assuming an initial dissociation fraction of unity.  In other words, the IPD3 prototype at 2.5 
joules per mol is likely resulting in greater than 85% dissociation at the exit plane of the 
unit.  IPD2 demonstrated less than 40% dissociation under similar energy loading. 
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Figure 6.18: Dissociation fraction results 
for the IPD3 proto-type dissociator 
operating in the test apparatus shown in 
Figure 6.18. Cavity pressure downstream 
of the unit was 40 Torr.  The twenty-seven 
micro-cavity discharges operated in 
parallel using a 13.56 MHz power supply.  
Plenum pressure greater than 200 Torr.  
Compared with results for IPD2.  
 The micro-cavity pre-dissociator developed based on the findings of this doctoral 
work proves to have significant potential for application to high performance oxygen-iodine 
lasers.  Given the gain and laser improvements demonstrated with IPD1, and the high 
dissociation fractions demonstrated by the IPD3 proto-type, further investigation of micro-
cavity discharges for this application is strongly recommended.  Suggestions for future work 
include varying the length and diameter of the micro-cavity discharges to determine impact 
on dissociation electrical efficiency.  Furthermore, associated injector parameters should be 
determined to ensure each jet results in adequate mixing with the active oxygen flow.  Such 
parameters would include jet diameter, spacing, and plenum pressure. 
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7.0 Supersonic optical cavity characterization 
 Investigations of an electric oxygen-iodine laser system have shown that 
computational modeling over-predicts the experimentally measured laser output power for 
similar gain conditions[7.1].  To help resolve this discrepancy, and develop an improved 
scientific understanding of the processes occurring in the ElectricOIL resonator, multiple 
optical cavity investigations have been conducted.  In this work, simultaneous 
measurements of DSOG and optical cavity performance were made and correlated.  
Additionally, detailed 2-axis spatial mapping of the optical cavity gain was conducted to 
determine if strong non-uniformities in the gain due to thermal boundary layers were 
occurring in the supersonic nozzle. 
Additional investigations conducted to resolve this discrepancy have already been 
reported on by Woodard[7.2].  For the sake of conciseness the reader is referred to the 
doctoral dissertation of Woodard for detailed discussion of these investigations.  These 
additional investigations included: (i) gain recovery measurements downstream of an 
operating laser cavity, performed to determine if pumping of the lasing state was consistent 
with accepted rates, and (ii) resonator power extraction efficiency measurements as a 
function of goL (the product of small signal gain and gain length) to assess if optical losses 
were dissipating power before it is outcoupled. 
 
7.1. CAV4 DSOG and optical cavity performance 
The O2(a) for these experiments was produced by a transverse capacitive 13.56 MHz 
discharge in an O2-He-NO mixture.   The DSOG consisted of a quartz discharge tube with a 
4.9 cm ID, and 25.4 cm long copper foil clamshell electrodes.  The discharge flow conditions 
were 7 mmol/s of O2 diluted in 33 mmol/s of He and ≈ 0.1 mmol/s of NO with a discharge 
pressure of approximately 20 to 24 Torr (depending on tertiary flow conditions) and RF 
power input of 700 W.  These flow rates and pressures result in a peak O2(a) yield of ≈ 18%.  
During the spatial gain measurements, the yield varied by no more than the statistical error 
of the measurement, and was therefore approximately constant throughout the 
experiments.   
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 Spatial gain measurements were made in the 4th Generation ElectricOIL Cavity 
(CAV4) using the fiber-coupled Iodine-Scan Diagnostic (ISD) developed by Physical Sciences 
Inc. Since the ISD uses a narrow band diode laser, measurements of the line shapes are also 
used to determine the local temperature from the Voigt profile (see Chapter 3).  
 O2(a) yield downstream of the DSOG and gain in the optical cavity were 
simultaneously measured.  The O2(a) and gain as well as their associated temperatures are 
plotted in Figures 7.1 (a) and (b), respectively, as a function of discharge rf power. 
       
Figure 7.1: Measurements of (a) O2(a) yield and temperature downstream of the DSOG exit 
and (b) gain and supersonic flow temperature in the optical cavity as a function of discharge 
rf power.  Flow conditions (in mmol/s): 7 O2, 33 He, ≈ 0.1 NO, 0.025 I2 carried by 20 
secondary He, 40 tertiary N2 at 300 K, Ptotal~20 Torr. 
 By correlating the O2(a) to the gain measurements, a number of interesting 
observations can be made.  First, the gain initially passes through optical transparency at 
approximately 300 W of rf power.  At this power, the O2(a) yield exiting the DSOG is 10% 
and an optical cavity temperature is 145 K.  However, according to Equation 3.34, this 
optical cavity temperature corresponds to a threshold O2(a) yield of 4%.  Thus, 6% of the 
O2(a) yield has been lost to other processes.  A significant process to first consider is the 
dissociation of molecular iodine.  With an I2 flow rate of 0.025 mmol/s, if 6% of the O2(a) 
were simply lost to dissociation, this would correspond to 7 molecules of O2(a) lost per 
dissociation of I2.  Investigations reported in literature suggest between 3 and 6 
molecules[7.3] are consumed in COIL systems.  Given that 7 molecules of O2(a) per 
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dissociation is in excess of reported findings, and significant concentrations of O-atoms and 
O2(b) are known to exist in the EOIL effluent, assisting in dissociation, other significant loss 
mechanisms can be concluded.  Regardless, as much as 6% O2(a) is likely recoverable for this 
configuration, with application of advanced EOIL techniques developed in this work 
including STER methodology to reduce or eliminate O-atoms as well as I2 pre-dissociation. 
 Another interesting observation between Figures 7.1 (a) and (b) is that peak gain 
occurs at a lower discharge power (700 W) than peak O2(a) production (900 W).  The 
obvious culprit here is the production of O-atoms in the DSOG at increased power loading.  
Given that as O2(a) production roles over with increases in DSOG power, but O-atom 
production continues to increase in a relatively linear fashion as illustrated in Chapter 4, and 
that excess O-atoms result in quenching of O2(a) and I*, it is expected that an optimal 
power less than peak O2(a) production results in best gain.  This observation is supported by 
the roll over and rapid decline in gain at higher DSOG powers.  The negative slope of the 
gain past 700 W is far more steep than the negative slope of the O2(a) yield past 800W, and 
the increase in cavity temperature between 700 W and 1300 W only accounts for a 1% yield 
increase the threshold yield requirement.  Thus, the reasonable conclusion is again that O-
atoms have a clearly observable negative impact on EOIL performance.  These observations 
further support the merit of advancing STER technology to eliminate O-atoms from DSOG 
effluent and replace the one redeeming benefit of O-atoms, assisting in I2 dissociation with 
advanced pre-dissociator technology. 
 
7.2. Spatial gain measurements 
One potential explanation for the discrepancy between the model-predicted laser 
output power and the experimental measurement was attributed to the limited 
dimensionality of the model, which assumed flow uniformity across the nozzle height. The 
gain, which is strongly dependent on temperature, could be strongly influenced by a large 
thermal boundary layer which would result in a large temperature variation across the 
nozzle channel.  Thus, experimental measurements to establish the gain profile were 
performed.  
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Small signal gain measurements were recorded along two axes in the ElectricOIL 4th 
Generation Cavity (CAV4) supersonic nozzle.  The aperture size is approximately 44.5 mm 
parallel to the flow (x-axis) and 20 mm perpendicular to the flow (y-axis).  The gain probe 
was translated repeatedly along each axis and the gain was periodically recorded at the 
center of the aperture (labeled as the origin in Figure 7.2) and compared with previous 
measurements to insure that minimal temporal drift occurred.  In many cases, the system 
operated near continuously for two to three hours with minimal variation in performance. 
 
 
 
 
Figure 7.2: Schematic of CAV4 flow 
channel.  The physical aperture illustrated 
is a result of the window/mirror mounts. 
The output of the DSOG flow passes into the CAV4 nozzle where a secondary flow of 
approximately 25 mol/s of iodine diluted in 20 mmol/s of helium is mixed into the primary 
flow.  A tertiary flow of temperature regulated nitrogen is subsequently mixed into the flow.  
The tertiary flow provides two principle functions: (i) the main function is to cool the gases 
from the RF discharge, and (ii) the tertiary flow promotes mixing upstream of the nozzle 
throat, improving the distribution of iodine in the primary flow. 
Two nitrogen tertiary flow conditions were studied.  First, 40 mmol/s of nitrogen at 
room temperature was injected into the flow channel.  When mixed with the primary flow 
and accelerated to approximately Mach 2.0 (geometric Mach 2.4 nozzle), the resulting flow 
temperature is about 160 K.  Second, the flow rate of nitrogen was increased to 72 mmol/s 
and the nitrogen temperature chilled to approximately 95 K.  The resulting flow 
temperature in the nozzle becomes approximately 110 K.  Henceforth, the room 
Flow
Aperture
Y
X
I2 N2
I2 N2
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temperature nitrogen and chilled nitrogen tertiary cases shall be referred to as the warm 
flow and cold flow cases, respectively. 
The aperture available to the gain diagnostic and the axes used while plotting the 
measurements is illustrated in Figure 7.2.  Gain was measured 50 mm downstream from the 
nozzle throat as a function of RF system power for the room temperature case described 
above, Figure 7.1.  A power of 700 W was clearly optimal for the described conditions, and 
thus 700 W was utilized for the spatial gain measurements. 
The results from mapping gain along the x-axis, as defined in Figure 7.2, are provided 
as Figures 7.3 (a) and (b), for the warm and cold flow cases, respectively.  The position x=0.0 
in Figures 7.3 references a point 50 mm downstream from the nozzle throat.  Figures 7.4 (a) 
and (b) illustrate the measured gain and temperature distribution perpendicular to the flow 
across the nozzle (at the x=0.0 position) for the warm and cold flow cases, respectively. 
A number of points can be made about the data.  First, the gain improves 
significantly in the warm flow case, Figure 7.3 (a), as the flow proceeds through the nozzle 
and the temperature drops.  This illustrates the strong sensitivity of gain to temperature 
changes when not pre-cooled.  Temperature and gain essentially mirror one another. 
Second, Figure 7.3 (b) shows the expected rise in gain when NO is added to the 
discharge gas mixture, scavenging O-atoms from the flow.  This has been observed 
previously[7.4],[7.5].   It is interesting to note that the addition of NO only raises the O2(a) yield 
from 15.4% to 17.4%, yet there is a significant improvement of ~60% in the gain 
accompanying the addition of NO.  This is again because of a reduction in concentration of 
undesirable species in the flow, namely oxygen atoms, regardless of the fact that removing 
the oxygen atoms resulted in some flow heating (discussed below).  Figure 7.3 (b) illustrates 
the importance of managing undesirable species in the flow and furthermore shows the 
relatively flat gain in the flow direction of the resonator under high performance cold flow 
conditions. 
Third, the addition of NO raises the temperature of the flow, Figure 7.3 (b), due to 
the additional chemistry that effectively convert O atoms into O2.  Despite the additional 
heating of approximately 10 K, the gain improves significantly when NO is added.  Since the 
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flow is so much colder in the cold flow case, the gain is less sensitive to the additional heat 
in this case.  In other words, the additional heating due to chemical reactions with NO is not 
a significant issue with an appropriate amount of cooling.   
      
Figure 7.3: Gain and temperature map in the direction of the supersonic flow. X=0 is center 
of aperture. Flow conditions (mmol/s) were: 7 O2, 34 He, 0.06 NO, 700 W, with (a) 40 N2 at 
300 K, Ptotal~20 Torr, and (b) 73 N2 at 90 K, Ptotal~24 Torr. 
          
Figure 7.4: Gain and temperature map perpendicular to the supersonic flow. Y=0 is 
centerline of flow channel. Flow conditions (mmol/s) were: 7 O2, 34 He, 0.06 NO, 700 W, 
with (a) 40 N2 at 300 K, Ptotal~20 Torr, and (b) 73 N2 at 90 K, Ptotal~24 Torr. 
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Fourth, for the cold flow cases where the temperature of the flow (< 120 K) results 
in a very low yield required for optical transparency, the gain moving downstream in the 
nozzle stays relatively uniform.  For these cases, even when the temperature continues to 
drop through the nozzle, the gain remains fairly steady because threshold yield is already 
less than ~2%.  
Finally, Figures 7.4 (a) and (b) show, in both the warm and cold flow cases, that the 
gain distributions perpendicular to the flow are mostly flat across much of the resonator 
volume, but go to zero near the walls due to the thermal boundary layer.  The gain signal in 
the warm flow case is weaker and turns sharply towards zero near the walls such that 
getting reliable temperature measurements from the gain profile becomes difficult.  Figure 
7.4 (b) better illustrates the rise in temperature near the walls because of a stronger gain 
signal.  The uniformity also indicates that good mixing is achieved with the tertiary flow 
injection downstream of the iodine injector and just prior to the supersonic nozzle. 
Spatial measurements of the gain within the laser cavity show a gain region that is 
fairly uniform along the flow axis, and a vertical profile that falls to zero at the flow channel 
walls due to the influence of the thermal and viscous boundary layer.  However, the thermal 
boundary layer fills only a limited portion of the nozzle and is only a factor in approximately 
40% of the nozzle.  These 2-axis measurements are qualitatively consistent with those taken 
for the VertiCOIL nozzle[7.6] (from which the CAV4 nozzle was derived) and also with those 
taken for an Israeli COIL configuration[7.7].  Given the relative uniformity of the gain profiles 
and more importantly qualitative similarity to detailed COIL experiments that had no 
extraordinary power extraction issues, we do not believe that flow non-uniformities are a 
major contributor to the discrepancy between measured and predicted ElectricOIL laser 
powers.   
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8.0 Research and measurements on the 7th generation ElectricOIL 
 The findings of this work have been validated through their use to devise 
improvements to ElectricOIL technology.  The sum total of those improvements have been 
implemented in the development of the 7th Generation ElectricOIL Cavity (CAV7), Figure 8.1. 
 
Figure 8.1: 7th Generation ElectricOIL Schematic. 
 The scientific and technological improvements to ElectricOIL and the contributions 
that supported them are as follows. 
a) Concentric transverse-capacitive discharge-driven singlet oxygen generator (DSOG) 
 A new concentric DSOG was developed with improved O2(a) production at higher 
discharge operating pressure and flow rates than previous systems. The concentric design 
was driven by the findings that 
(i) reducing the electrode gap with increasing pressure helps maintain discharge 
stability and in turn power deposition uniformity, 
(ii) increasing the ratio of surface area to plasma volume reduces O-atom concentration 
through surface recombination, under the condition that surface recombination 
does not become diffusion limited, 
 STER 
 
163 
 
(iii)  for a given discharge power, increasing the discharge length (residence time) 
reduces the characteristic energy of the electrons, favoring fewer O-atoms and 
higher O2(a) yield, while too long of a residence time diminishes electrical-to-O2(a) 
conversion efficiency. 
These findings and their application has the effect of maximizing achievable O2(a) flow rate 
under the physical constraints of a specific ElectricOIL geometry.  The CAV7 DSOG consists 
of 3 concentric discharge units, which in total provide approximately 2.5 kW of power 
carried by O2(a) flow.  One of the three concentric discharges is shown in Figure 8.2.   
 
Figure 8.2:  Photograph (TOP) and schematic (RIGHT) of the concentric 
transverse-capacitive discharge with a high voltage electrode on the 
outside of the outer quartz tube and a grounded, water-cooled 
electrode inside the inner quartz tube.  Flow is from left to right.  Note 
that there is a “primer” discharge upstream of the “primary” discharge. 
 
b) Cross-flow tubular species and thermal energy regulation (STER) 
 An improved cross-flow tubular STER device was developed to reduce O2(a) wall loss 
without sacrificing significant cooling efficiency.  In combination with the concentric 
DSOG, best gain performance improved from 0.26% cm-1 to 0.30% cm-1.  The STER 
design was driven by the findings that 
(i) surface recombination of O-atoms in ElectricOIL is generally a diffusion limited 
process, and that by reducing length scales an increased rate of O-atom 
recombination can be achieved with minimal impact on O2(a) number densities, 
(ii) based on O-atom surface recombination rates for various oxides aluminum oxide 
provides an excellent balance of high O-atom recombination rate and low O2(a) 
quenching rate, 
(iii) a single device tailored for both species and thermal energy regulation provides the 
shortest residence time between the DSOG and optical cavity, minimizing the impact 
of volumetric loss processes, 
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(iv) active thermal regulation can achieve significant heat extraction from DSOG 
effluent, reducing the resonator threshold O2(a) yield requirement for lasing, a 
benefit significantly in excess of the O2(a) yield lost as a result of the cooling process. 
Having defined parameters by which to design a more effective STER device, rather than the 
cylindrical duct configuration investigated in Chapter 5, a staggered cross-flow tubular 
geometry was selected for CAV7.  The geometry permits more uniform coolant distribution 
and reduces wall thickness between the DSOG effluent and STER coolant, improving heat 
transfer.  The length scales chosen for the CAV7 STER were predicted to achieve desired 
levels of O-atom reduction, with less O2(a) quenching than the previous design.  The CAV7 
STER design was further validated using a 2-D Blaze-VI computational fluid dynamic 
model[8.1] (discussed later in this chapter).  The CAV7 STER is shown operation in Figure 8.3 
(TOP).  A computer generated illustration also gives a cutaway view of one of the three STER 
devices in the CAV7 assembly, Figure 8.3 (RIGHT). 
 
 
Figure 8.3: (TOP) Photograph and (RIGHT) 
cross-sectional drawing of the CAV7 STER 
device. One STER device is matched with 
each concentric DSOG.  Each STER 
consists of 29 staggered cross-flow 
tubular cooling channels.  The size and 
location of the tubular geometry has been 
numerically modeled demonstrating good 
heat transfer and O-atom recombination 
properties while minimally impacting 
O2(a) density. 
  
 
165 
 
c) CAV7 supersonic optical cavity 
 An improved EOIL was developed with an increased gain length and resonator size 
as compared to previous ElectricOILs.  The supersonic optical cavity design was driven by 
the findings that 
(i) ElectricOIL performance presently scales superlinearly[8.2] with cavity size (gain 
length), indicating that short gain lengths with high reflectivity mirrors were 
resulting in significant diffractive losses due to intra-cavity apertures.  Increasing the 
resonator volume by increasing the gain length permits the use of lower reflectivity 
mirrors, lower inter-cavity intensity, and thus reduced diffractive loss. 
Compared with CAV6, the resonator volume was scaled by a factor of 3, resulting in a 5-fold 
increase in laser power.  Flow conditions with g0L = 0.042% were used to extract a 
continuous wave (CW) average total laser power of 481 W.  A low frequency ±11.9% 
oscillation in the total power was observed giving a peak outcoupled power of 538 W. 
 
8.1. Concentric transverse-capacitive DSOG 
 The CAV7 DSOG consists of three concentric transverse-capacitive discharges.  The 
dielectric barriers are constructed from a pair of concentric quartz tubes with the outer 
tubes having an ID of 53 mm and the inner tubes having an OD of 38 mm, resulting in a 
discharge gap of approximately 7.5 mm.  Both tubes have 2 mm wall thicknesses.  The outer 
tubes / electrodes were cooled by forced convection, while the inner tubes / electrodes 
were water cooled.  Each of the three discharge tubes is primarily powered by its own 5 KW 
ENI 13.56 MHz power supply.  Discharge stability, and consequently power deposition, are 
improved with the addition of primer-discharges upstream of the primary-discharges driven 
by 2.5 KW ENI 13.56 MHz power supplies.  Thus, in total, three 2.5 KW and three 5 KW 
power supplies power the CAV7 DSOG.   
 The three discharge tubes were initially operated situated physically parallel to one 
another, Figure 8.4.  However, fluctuations in the output power were caused by a mode 
beat between the various RF discharges not being properly tuned to the same frequency, 
leading to low frequency (5-200 Hz) pulsing of the discharge power.  The low frequency 
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pulsing was observed visually and in the power measurements from the Bird power meters.  
Similar mode beat oscillations were observed in prior multi-tube configurations, but 
corrected through the use of a single power supply feeding all of the primary discharges, 
and a second power supply that fed all of the primer discharges.   
 
Figure 8.4: Photograph of operational CAV7 concentric transverse-capacitive discharges 
installed physically in parallel. Each primer discharge is powered by a 2.5 KW ENI 13.56 MHz 
power supply.  Each primary discharge is powered by a 5 KW ENI 13.56 MHz power supply.  
Capacitive coupling between electrodes operating at very slightly different frequencies 
results in a low frequency pulsing of the discharges (5-200 Hz). 
 The capacitive coupling between the neighboring electrodes resulting in pulsing of 
the supply power was significantly reduced by separating the upstream ends of the 
discharge tubes using two 5 degree angled adapters to couple the outer discharge tubes 
and STER devices.  This modified arrangement was used to collect the data presented 
henceforth, Figure 8.5.  However, based upon prior results with smaller multi-tube 
arrangements, it is believed that a corrective measure of reducing the six power supplies 
down to two larger supplies would eliminate the issue.   
 
Figure 8.5: Photograph of the CAV7 
concentric DSOG discharges in their final 
configuration.  A 5 degree coupling was 
add between the downstream end of the 
outer discharge tubes and their adjoining 
STER devices to provide increased 
separation between the DSOG electrodes, 
reducing capacitive coupling.  The 
modification largely reduced the severity 
of the discharge pulsing, but did not 
completely resolve the issue.  
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 Total O2(a) flow rate was measured in the CAV7 optical cavity at 40 Torr for three 
oxygen flow rates of 135, 150 and 180 mmol/s.  Figure 8.6 demonstrates record reported[8.2] 
DSOG generated O2(a).  The DSOG also demonstrates a highly consistent electrical-to-O2(a) 
conversion efficiency of about 13 to 14 percent as flow rate and power are increased in 
tandem. 
 
 
 
 
 
Figure 8.6: Power carried by O2(a) 
downstream of CAV7 DSOG as a function 
of O2 flow rate, holding constant flow rate 
ratios and power per O2 flow rate. 
8.2. CAV-6B/7: staggered cross-flow tubular STER 
 The CAV7 ElectricOIL uses three cross-flow tubular STER devices, one mated to each 
of the three DSOG discharge tubes.  The cross flow geometry was selected because it 
offered a wide range of possible shapes, scales, and spacing to achieve desired species and 
thermal energy reduction.  Initial scaling to achieve desired O-atom reduction was based on 
length scales determined earlier (Chapter 5).  Initial scaling and tube shapes to achieve the 
desired effluent temperature reduction and pressure loss were based on a wide body of 
literature[8.3],[8.4],[8.5],[8.6].  A theoretical analysis based on measurements by Sparrow[8.6] 
predicted a diamond pattern with a 22.5 degree leading edge half-angle appeared most 
promising.  A 2-D Blaze-VI computational fluid dynamic and kinetic model[8.1] was used to 
rigorously evaluate the conceptual designs.  A study was conducted were the cross-
sectional half-height (perpendicular to the flow direction) of the tubes and diamonds was 
varied.  This effectively changed the percent of the flow volume obstructed by the cross-
flow tubes.  The tube spacing in the flow direction was based on experimental data by 
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Zukauskas[8.3].  The averaged results across the entrance and exit planes of the 2-D Blaze-VI 
calculations are provided in Figures 8.7 (a) through (c).  
       
 
 
Figure 8.7: 2-D computational fluid 
dynamic and kinetic modeling results for 
(a) O2(a) fraction quenched and O-atom 
fraction recombined, (b) temperature 
reduction, and (c) pressure drop as a 
function of cross-sectional half-height for 
various conceptual STER geometries.  The 
results shown are the difference between 
averages at the entrance and exit planes 
for each geometry.  Model: Blaze-VI. 
 Between the two shapes, the diamonds are predicted to provide better O-atom and 
temperature reduction, and result in a lower pressure loss for all cross-sectional half-
heights considered.  The predicted O2(a) fraction quenched for both shapes and all sizes was 
on average 3.5% with a maximum of 4.1% and minimum of 3.2%.    This is considerably less 
than the approximate 10% O2(a) fraction quenched measured with CAV6.  The O2(a) loss 
with the diamond was predicted slightly higher than the tubular design, however the 
difference is small.  The diamond design with a 0.32 cm cross-sectional height was 
determined as best satisfying the design goals for CAV7 species regulation, temperature, 
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and pressure.  A single time-step of the Blaze-VI 2-D results for O2(a), temperature, and 
velocity through three conceptual STER geometries are illustrated in Figure 8.8.  
 
 
 
Figure 8.8: 2-D computational fluid 
dynamic and kinetic results for three 
conceptual STER geometries.  The results 
shown are a single time-step of the time 
dependent solution.  Results for (a) O2(a) 
yield, (b) temperature, and (c) velocity are 
shown as a function of position. The three 
geometries include a cylindrical tube of 
0.32 cm radius, a 22.5 degree half-angle 
diamond of 0.32 cm cross-sectional half-
height, and a cylindrical tube of 0.16 cm 
radius. On average Rex = 40,368 m
-1 for 
the three geometries.  The calculations 
were conducted assuming a fixed 
downstream pressure of 50 Torr.[8.1]  
Model: Blaze-VI. 
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The three geometries include a cylindrical tube of 0.32 cm radius, a 22.5 degree half-angle 
diamond of 0.32 cm cross-sectional half-height, and a cylindrical tube of 0.16 cm radius. 
 Unfortunately, while analytical and numerical results strongly favored the diamond 
geometry, cost and time constraints resulted in manufacturing and testing of the 0.32 cm 
radius tubular geometry, determined as the next best option.  The 0.32 cm tubular 
geometry shown above in Figure 8.8 is representative of the CAV7 STER.  To directly 
compare the proposed CAV7 design with the previously successful CAV-6A cylindrical duct 
geometry, a 0.32 cm cross-flow tubular STER-6B/7 was designed to mate with the existing 
CAV6 ElectricOIL.  Both STER-6A and STER-6B/7 are shown for comparison in Figure 8.9. 
    
Figure 8.9: Photographic comparison of STER-6A and STER-6B/7 designs tested with the 
CAV6 ElectricOIL. 
 In both cases, the STER devices are cooled with cross-flows of Syltherm XLT coolant 
chilled to -30 degrees Centigrade by LN2.  A calibrated yield measurement was not 
achievable, however O2(a) spontaneous emission was measured using the OMA around 
1268 nm and processed for a temperature estimate.  The spectra was also integrated to 
provide a relative comparison of O2(a) density, Figure 8.10.  By correcting the density using 
the temperatures determined from the O2(a) spectra, a relative improvement in O2(a) flow 
rate of 7% was determined.  This is in excellent agreement with the 10% O2(a) loss 
measurements made for STER-6A and the predicted 3.5% O2(a) loss predicted for the 
tubular STER-6B/7 design by the Blaze-VI model.  The STER-6B/7 effluent was only 
approximately 20 degrees Kelvin warmer than the STER-6A effluent. 
STER-6A STER-6B/7 
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Figure 8.10:  Experimental comparison of 
STER-6A and STER-6B/7 effluent O2(a) 
density and temperature in the CAV6 
ElectricOIL.  Flow rates were 45 mmol/s of 
oxygen, 150 mmol/s of helium, and 0.5 
mmol/s of nitric oxide.  The DSOG used 
was the six 1.9 cm OD tube array in both 
cases.  The pressure downstream of both 
STER devices was 40 Torr.  The pressure 
drops across the STER-6A and STER-6B/7 
were about 5 Torr. 
 Gain measurements were made with the CAV6 ElectricOIL to assess the impact 
resulting from both replacing the six 1.9 cm OD tube array DSOG with the proposed CAV7 
concentric DSOG as well as replacing the in-line cylindrical duct STER-6A with the proposed 
CAV7 cross-flow cylindrical STER-6B/7. The 6-tube DSOG coupled with STER-6A resulted in a 
peak gain of 0.26% cm-1, the 6-tube DSOG coupled with STER-6B/7 resulted in a peak gain of 
0.28% cm-1, and the combination of the concentric DSOG and STER-6B/7 resulted in a gain 
of 0.30% cm-1, Figure 8.11.  Undoubtedly, both the STER-6B/7 and the concentric DSOG 
produced positive overall enhancements to ElectricOIL. 
 
 
 
 
Figure 8.11:  Small signal gain comparison 
of STER-6A with 6-tube DSOG and STER-
6B/7 with concentric DSOG. Flow rates 
were 45 mmol/s of oxygen, 150 mmol/s 
of helium, and 0.5 mmol/s of nitric oxide. 
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 Notice, as expected, that while the redesigned STER resulted in approximately a 20 K 
hotter flow, the O2(a) yield in the STER effluent and consequently gain are much improved. 
This is believed to be a consequence of the fact that after cold N2 gas injection, and flowing 
through the supersonic nozzle, the temperature difference between the two cases is less 
than 5 K in the supersonic laser cavity. 
 
8.3. CAV7 gain and resonator experiments 
 Best CAV7 peak laser power output of 538 Watts was achieved with an oxygen flow 
rate of 165 mmol/s, or approximately 2300 Watts carried by O2(a), with 570 mmol/s of 
helium and 2.3 mmol/s of nitric oxide.  The primary discharge power on each concentric 
unit in the DSOG was 4 KW, with a 2KW primer discharge.  After exiting the concentric 
DSOG, the effluent passed through the STER, and then an additional 150 mmol/s of helium, 
carrying 0.35 mmol/s of molecular iodine was added to the primary gas flow at the iodine 
injector.  Immediately downstream of the iodine injector 915 mmol/s of 95 K cold nitrogen 
gas was additionally mixed, lowering the flow temperature and improving iodine mixing. 
 Best total power extraction was achieved using dual stable resonators with 50.8-mm 
diameter optics.  The optical axes of the stable resonators were separated by 4.4 cm along 
the flow direction in the supersonic region.  The mirror combination which gave best total 
power extraction used the following: in the upstream resonator R1 = 0.9880, R2 = 0.99995, 
and in the downstream resonator R1 = 0.9898 and R2 = 0.99995.  The power measurements 
for the upstream and downstream resonators were 392.6 W and 88.4 W, respectively, for a 
total extracted average CW laser power of 481 W.  The fluctuations in laser output power, 
resulting from fluctuations in electrical power, measured using the EOT photo-detector, 
indicated an average peak-to-peak fluctuation of ±11.9% (measured from six scans).  An 
example of a scan from the 1315-nm filtered EOT photo-detector is shown in Figure 8.12.  
Accounting for these fluctuations, the peak power for the case was 538 W.  Presently the 
ElectricOIL system is still exhibiting superlinear enhancement of power output with g0L with 
various versions of ElectricOIL, Figure 8.13.  The slope of the line shown in Figure 8.13 
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indicates approximately a factor of 30 increase in laser output power for every factor of 10 
increase in g0L.     
 
 
 
 
 
Figure 8.12: Sample of laser power output 
fluctuation monitored using 1315-nm 
filtered photo-detector. 
 
 
 
 
 
 
Figure 8.13: Laser power of various 
ElectricOIL configurations as a function of 
g0L. 
 The results of all CAV7 resonator experiments are summarized in Tables 8.1 and 8.2.  
In addition to the dual-resonator, a Z-resonator with 5 cm optics and a straight-resonator 
with 10 cm diameter optics were attempted, Table 8.1. Though it provided excellent results 
with CAV6[8.7], the Z-resonator with a 22.9 cm path length provided significantly less 
outcoupled power than either the dual-resonator or 10 cm straight-resonator.  The 10 cm 
diameter optics with reflectivity of 0.997 were the only reflectivity of that mirror size 
174 
 
available at the time of the experiments, thus more power may have been available with 
lower total reflectivity as predicted by a Rigrod analysis[8.8], Figure 8.14. 
 
Table 8.1:  Summary of Z-resonator and 10 cm straight-resonator CAV7 laser experiments. 
Case Config. Optic DIA [cm] R1 R2 R3 R4 R1*R2*R3*R4 Power [W] 
1 Z 5 0.983 0.99995 0.99995 0.997 0.97995 247.9 
2 Z 5 0.983 0.99995 0.99995 0.99995 0.98285 294.9 
3 Z 5 0.964 0.99995 0.99995 0.99995 0.96386 300 
4 Z 5 0.975 0.99995 0.99995 0.99995 0.97485 350.4 
5 Standard 10 0.997 0.997 - - 0.99401 403.8 
 
Table 8.2:  Summary of 5 cm dual-resonator (straight) CAV7 laser experiments. 
 
I---------------Upstream---------------I I-------------Downstream-------------I Total 
Case R1 R2 R1xR2 Power [W] R1 R2 R1xR2 Power [W] Power [W] 
6 0.954 0.99995 0.95395 190 0.988 0.99995 0.98795 78 268 
7 0.9898 0.99995 0.98975 317 0.997 0.99995 0.99695 86 403 
8 0.983 0.99995 0.98295 367 0.988 0.99995 0.98795 57 424 
9 0.988 0.99995 0.98795 379 0.9898 0.99995 0.98975 93 472 
10 0.988 0.99995 0.98795 393 0.9898 0.99995 0.98975 88 481 
 
 
 
 
 
 
Figure 8.14:  CAV7 power vs. reflectivity 
data and modified Rigrod analysis[8.8] for 
the 5 cm Z-resonator and the 10 cm 
straight-resonator. 
 
 Figure 8.14 shows the results from a modified Rigrod analysis[8.8] including diffractive 
losses for both the Z-resonator and 10 cm straight-resonator, where the parameters for 
calculating output power, Equation 8.1, are  = 4.6 x 10-3, Isat = 525 W/cm
2 and  = 2.8 x 10-3, 
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Isat = 800 W/cm
2, respectively, where  is the diffractive loss and Isat is the saturation 
intensity.  Data from the dual-resonator data is given in Table 8.2, and similarly Figure 8.15 
provides the results of a modified Rigrod analysis with  = 1.5 x 10-3 and Isat = 800 W/cm
2 for 
both upstream and downstream cases.  The outcoupled power based on the modified 
Ridrod analysis is given by, 
       
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  (8.1) 
The remaining variables in Equation 8.1 are the beam area, A, the unsaturated gain, go, the 
gain length, L, the mirror reflectivities, ri, and the mirror transmissivities, ti. 
 
 
 
 
 
Figure 8.15: CAV7 power vs. reflectivity 
data and modified Rigrod analysis[8.8] for 
the 5 cm dual-resonator. 
 
 A few final observations are worth making regarding the CAV7 experiments.  The 
highest small signal gain achieved with the CAV7 ElectricOIL was 0.265% cm-1, less than the 
0.30% cm-1 achieved with CAV6, Figure 8.11.  Furthermore, CAV7 temperatures determined 
from the small signal gain FWHM give an average optical cavity temperature of 140 K versus 
120 K for CAV6.  Analyzing iodine buildup patterns post-test, it was determined that the 
iodine and cold gas injector design for the CAV7 ElectricOIL were inferior to the CAV6 
design.  Implementing modifications to correct the injection pattern for more uniform 
mixing is expected to provide significant further improvement to the CAV7 ElectricOIL.  
Additionally, investigation of the proto-type micro-cavity iodine dissociator were still in-
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progress at the time CAV7 was being constructed, thus it was omitted from the design.  
Further development of the micro-cavity iodine dissociator and integration with CAV7 
should provide another increase in system performance based on the success of other 
ElectricOIL iodine dissociators investigated.  Finally, an unknown factor limiting the rate of 
pumping of I*, possibly a competing reaction[8.7] unique to EOILs and not COILs, is still 
preventing significant power stored in O2(a) from being accessed.  Blaze modeling predicts, 
based on measured CAV7 parameters, that nearly a factor of two improvement in power 
extraction should be attainable if this yet unknown mechanism is resolved, Figure 8.16.  On 
the other hand, given the observed super-linear scaling, Figure 8.13, the mechanism may 
become negligible as the system continues to scale. 
 
 
 
 
 
Figure 8.16: Model of outcoupled laser 
power as a function of resonator length 
along the axial flow direction, showing the 
influence of unknown gain recovery 
mechanism.  Model: BLAZE. 
 
8.4. Doppler shift of lasing wavelength in a Z-resonator 
Based on difficulties with achieving expected power extraction with a 10 degree 
turning angle Z-resonator on the CAV7 ElectricOIL, and observations by Bruzzese[8.9] that 
their EOIL optical cavity with a 22.5 degree turning angle Z-resonator results in lasing on 3 
wavelengths due to significant Doppler shifts, an analytical investigation was conducted. 
The Doppler shift can be determined readily using equation 8.2, 
 
sin( )uv
v
c

  , (8.2)  
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where u is the flow velocity, v  is the probing frequency, c is the speed of light, and   is the 
Z-resonator turning angle.  The Doppler shift was then applied to CAV6 small signal gain 
data based on a Mach 2 flow and a typical CAV6 gas mixture, Figure 8.17.  Unlike the 
measurements made by Bruzzese[8.9] where their Z-resonator resulted in three, non-
overlapping, Doppler shifted line shapes with their Mach 3 EOIL, the Doppler shift in 
ElectricOIL is predicted to be less than half of the FWHM of the single pass line shape.  Some 
major differences in comparison to the EOIL used by Bruzzese are that ElectricOIL has less 
than half the turning angle and approximately half the flow velocity.  The flow velocity in 
ElectricOIL is significantly less given that it has a Mach 2 cavity, unlike Bruzzese’s Mach 3 
cavity, and the typical ElectricOIL flow includes a significant flow rate of nitrogen, which 
reduces the speed of sound in the media.  Even applying as much as 45 degrees of turning 
angles in ElectricOIL does not result in three independently fully resolved line shapes, Figure 
8.18 (a).  By observing that the waves running perpendicular to the flow cross the gain 
medium 4 times in a full round trip, while the Doppler shifted waves only cross once, a 
convolution of the three line shapes for various turning angles in ElectricOIL can be 
determined, Figure 8.18 (a).  The expected Doppler broadening of the average round-trip 
gain in the CAV7 ElectricOIL cavity is shown in Figure 8.18 (b).  The reduction in gain is not 
trivial, but neither is it sufficient to explain the poor Z-resonator performance.  For 
comparison, the turning angle of the CAV6 ElectricOIL Z-resonator is 7.8 degrees. 
 Other explanations for poor Z-resonator performance may be parasitic losses due to 
establishing a running wave between the two parallel turning mirrors, which have some 
overlap for alignment purposes.  Additionally, with the longer gain length of the CAV7 
ElectricOIL compared with CAV6, significant non-uniformities of the small signal gain 
between upstream and downstream in the optical cavity may make a Z-resonator 
unfavorable.  The longer resonator also likely results in greater diffractive loss.  A U-
resonator may provide better results, eliminating the issue of a Doppler shift and reducing 
the hypothesized parasitic losses between the turning mirrors. 
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Figure 8.17: Illustrates expected Doppler 
shift of the small signal gain due to the 
CAV7 Z-resonator turning angle and 
supersonic gas velocity for a single pass of 
the lasing media. 
 
 
Figure 8.18: Illustrates a convolution of the expected Doppler shifted small signal gain for a 
full round trip between reflectors in the CAV7 Z-resonator for (a) varying turning angles, and 
(b) the present CAV7 Z-resonator geometry. 
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9.0 Concluding remarks 
 Advancing ElectricOIL technology has not only required detailed scientific 
investigations of specific gas kinetic and fluid dynamic processes, but increased 
understanding of how each significant component integrates with the larger whole.  Many 
of the previous failures at developing an electric oxygen-iodine laser (EOIL) can likely be 
tracked back to attempting to resolve the complexities of the discharge singlet oxygen 
generator (DSOG) in isolation of the larger system.  The usual expectation was that the 
DSOG could fit agreeably within the existing confines of chemical oxygen-iodine laser (COIL) 
technology.  This erroneous assumption simply led to repeated failures. 
 There are fundamental differences in limitation between DSOGs and chemical 
singlet oxygen generators (CSOG).  The COIL CSOG can achieve 70+% O2(a) yields at the 
optical cavity, EOILs are quantum mechanically limited to less than 40% O2(a) yield by 
inelastic collisions in the DSOG.  Additionally, DSOGs result in a number of additional 
kinetically important species, not present in COILs.  With O2(a) yields of 15%-20% thus far 
achieved at high performance ElectricOIL conditions, the difference in O2(a) yields between 
DSOGs and CSOGs, and the addition of kinetically important species such as oxygen atoms, 
makes it understandable that a DSOG is a poor fit with conventional COIL technology. 
 One of the fundamental findings to come from this work, and the work of my many 
colleagues, has been that EOIL advancement requires reimagining not only the singlet 
oxygen generator, but the entire oxygen-iodine laser context as well.  While DSOGs will 
likely never achieve the yields of CSOGs, successfully increasing ElectricOIL laser optical 
output to now over 500 Watts demonstrates that a high O2(a) yield is not a fundamental 
requirement for efficiently lasing on the I(2P1/2)  I(
2P3/2) transition at 1315 nm.   The 
success of ElectricOIL development at the University of Illinois has not only come by 
determining how best to maximize O2(a) production in a DSOG, but also how best to 
conduct and apply EOIL research within the extant of theoretical limits.  Defining how to 
work within the boundaries of DSOG produced O2(a) is largely the foundation for the work 
presented herein. 
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9.1. Summary of completed work 
 Based on the fundamental premise of this work that EOIL advancement requires in-
depth scientific consideration of every aspect of ElectricOIL, the topic includes 
investigations into each of the primary ElectricOIL components.  The DSOG work conducted 
here builds on the extensive DSOG experimental[9.1],[9.2]  and numerical[9.3] investigations 
conducted through the partnership of the University of Illinois and CU Aerospace, in 
Champaign, IL. 
 An analytical calculation involving a reduced reaction set of the most significant EOIL 
volumetric reactions, and surface reactions was developed and used in conjunction with 
experimental test data to further understand the behavior of the DSOG.  This research 
found that pressure, pressure drop, electrode gap, electrode length, tube scale, tube 
geometry, and diluent all play essential roles in effecting DSOG performance.  Overall, these 
parameters do not contribute to performance in isolation, but through complex 
relationships that must be balanced based on the specific requirements of the optical cavity 
to which the DSOG is coupled (i.e. pressure, temperature, flow rate, mixture, etc).  In 
general though, this work found that 
(i) best performance is achieved with increasing system pressure by reducing the 
electrode gap to maintain discharge stability and in turn power deposition 
uniformity, 
(ii) increasing the ratio of surface area to plasma volume reduces O-atom concentration 
through surface recombination, under the condition that surface recombination 
does not become diffusion limited, 
(iii) increasing the ratio of surface area to plasma volume only marginally increases O2(a) 
lost through surface quenching, and contrarily increases O2(a) production by 
reducing O-atoms that otherwise quench O2(a) and scavenge ground state O2 from 
the O2(a) production process, 
(iv) increasing the discharge length (residence time) reduces the characteristic energy of 
the electrons for a given power loading, favoring fewer O-atoms and higher O2(a) 
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yield, while too long of a residence time diminishes electrical-to-O2(a) conversion 
efficiency, 
(v) surface effects become progressively more important to accurately predict EOIL 
behavior with decreasing length scale and/or pressure. 
These finding and their application contributed to the design of the 7th Generation 
ElectricOIL concentric DSOG that demonstrated approximately 2.5 kW of power carried by 
O2(a) flow at 50 Torr. 
 Further analytical volumetric and surface kinetic calculations were used to research 
species and thermal energy regulation (STER) of DSOG effluent.  As DSOG effluent is 
characteristically different from CSOG effluent, scientific and technological advancements 
to better understand and utilize DSOG effluent effectively were deemed necessary.  This 
work found that 
(vi) the significant concentrations of O-atoms, and the higher temperatures of DSOG 
effluent, necessitate regulation of each for EOILs to achieve their potential, 
(vii) a single device tailored for both species and thermal energy regulation is not only 
possible, but possibly ideal, resulting in the shortest residence time between the 
DSOG and optical cavity, minimizing the impact of volumetric loss processes, 
(viii) surface recombination of O-atoms in ElectricOIL is generally a diffusion limited 
process, and by reducing length scales an increased rate of O-atom recombination 
can be achieved with minimal impact on O2(a) number densities, 
(ix) calculated O2(a) surface quenching rates based on experimental data indicate that 
quenching rates accepted for COIL are likely an order of magnitude too slow to 
properly model EOIL, due to the presence of significant populations of O-atoms at 
material surfaces, 
(x) based on O-atom surface recombination rates calculated here for various oxides, 
aluminum oxide provides an excellent balance of a high O-atom recombination rate 
and a low O2(a) quenching rate, 
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(xi) thermal regulation can achieve significant heat extraction from DSOG effluent, 
reducing the resonator threshold O2(a) yield requirement for lasing, a benefit 
significantly in excess of the O2(a) yield lost as a result of the cooling process. 
Based on these findings, an improved cross-flow tubular STER device was developed for 
ElectricOIL to reduce O2(a) wall loss without sacrificing significant cooling efficiency.  The 
new STER device was found through experimentation and modeling to quench 
approximately 3.5% of the O2(a) concentration compared to approximately 10% by a 
predecessor STER device.  The new STER device resulted in a higher effluent temperature at 
the STER exit by approximately 20 Kelvin, but, as predicted, the tradeoff benefited 
performance with peak small signal gain increasing from 0.26% cm-1 to 0.28% cm-1. 
 Next, analytical and experimental analysis delved to better understand why past 
attempts at pre-dissociation of molecular iodine has failed to improve oxygen-iodine laser 
performance, although extensive modeling demonstrates its capacity to do so.  This work 
found that 
(xii) at the conditions of a high performance oxygen-iodine laser, volumetric 
recombination of iodine is strongly dependent on molecular iodine concentration, 
pressure, temperature, and diluent, 
(xiii) attempting to overcome the dependencies of iodine recombination through high 
pre-dissociation power loadings masks the inefficiencies by slowing the 
recombination rates, but increasing the thermal energy of the flow reduces optical 
cavity performance, possibly offsetting the benefits gained through pre-dissociation, 
(xiv) surface recombination generally does not play a significant role in pre-dissociator 
kinetics at the pressures, flow rates, and length scales of typical high performance 
oxygen-iodine lasers, with the possible exception of the small length scales at 
injecting orifices. 
These finding led to three iodine pre-dissociators being developed and tested.  The micro-
cavity dissociator provided the best results at high performance oxygen-iodine laser 
conditions with better than 85% dissociation estimated at the injection plane with 2.5 
Joules per mol of molecular iodine. 
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 Finally, an improved EOIL was developed with a longer gain length and larger 
resonator than previous ElectricOILs.  The design was driven by the findings that 
(xv) ElectricOIL performance presently scales superlinearly[9.4] with cavity size (product of 
gain and gain length), indicating that short gain lengths with high reflectivity mirrors 
are resulting in significant diffractive losses due to intra-cavity apertures.  Increasing 
the resonator volume by increasing the gain length permits use of lower reflectivity 
mirrors, lower inter-cavity intensity, and thus reduced diffractive loss. 
Compared with CAV6, the resonator volume was scaled by a factor of 3, resulting in a 5-fold 
increase in laser power.  Flow conditions with g0L = 0.042% were used to extract a 
continuous wave (CW) average total laser power of 481 W.  A low frequency ±11.9% 
oscillation in the total power was observed giving a peak outcoupled power of 538 W. 
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